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A b s t r a c t  

I n  r a r c f i e d  g a s  f l o w  problems t h e r e  a r e  t w o  e f f e c t s  which  i n f l u e n c e  

t h e  f low;  (1)  c o l l i s i o n s  of  g a s  m o l e c u l e s  wit:h o t h e r  g i s  ~ C I B C D I C S ,  836 ( 2 )  

c o l . l i s i o n s  o f  g a s  m o l e c u l e s  w i t h  s o l i d  s u r f a c e s  ( t h e  g a s - s ~ r l a c u  5nterac';ion:. 

T h i s  s t u d y  d e a l s  w i t h  f r e e  m o l e c u l a r  f low i n  which  t k e  c f f e c t  of  gas-gas 

c o l l i s i o n  c a n  be n e g l e c t e d  and t h e  gas-surfs t :e  i n t e r a c t i o n  ::ns the d o n i n a t e  

i n f l u e n c e  on t h e  f l o w .  The r e s u l t s  o f  t h i s  s t u d y  hace s p p l i c a r i . : n  t o  s a t e l -  

l i t e s  s i n c e  f r e e  m o l e c u i a r  f low c o r , d i t i o n s  o c c u r  a t  a r b i t a i  a i - i c u d a s  a b a v r  

120 km. 

Knowledge o f  t h e  g a s - s u r f a c e  i r t e r i a c t i a o  io r e q u - r e d  in o r d e r  ro  

d e t e r m i n e  t h e  serodynamic  p r o p e r t i e s  o f  sa te i I . i t c .9  At saLellltr velocities 

(7-8  km!sec) t h e  i n t e r a c t i o n  o f  n e u t r a l  a t m o s p h e r i c  gas mo:ecuie9 w i t h  the 

s a t e l l i t e  sc r face  occurs  a t  ene rg ies  i n  the 1 t o  10 t>v range.  I: i s  just 

t h i s  e n e r g y  r a n g e  which h a s  n o i  been s a r i v f e c c o r i i y  J u p l l - : r e d  ;,- c2c lobore- 

t o r y ;  t h e r e f o r e ,  a t   resent, l a b o r a t o r y  gas-sv; r face  : . n t - r a c c i n n  d r t n  can n o t  

be a p p l i e d  d i r e c t l y  t o  t h e  d e t e r m i n a t i o n  0 5  t h e  a e r rdy~ lnmic  prapccsies o f  

sncelfxtes. It is proposed in t h i s  scudy t ' i o t  s a t e i ~ i ! ~  exper:mciics 5c 

performed t o  o b t a i n  t h e  needed i n f o r m a t i o n  f r o  ",eeiuraments o f  the  aero- 

dynamic p r o p ~ r t i e s  o f  s a t e l l i t e s .  I n  o r d e r  t o  I n t e r p r t :  chi. i ~ ~ : c l i i c e  3sta, 



be obSined on the gas density and gas-surface iateraction parameters by 

measuring the drag, spin r a t e  slowdown and spin axis precession r a t e  of a 

spinning convex sa t e l l i t e .  

The reaulta of the study on the aerodynamic properties of spinning 

convex bodies have exhibited a number of interesting ef fec ts  associated with 

the spin of the body and the gas-surface interaction. Por example, the drag 

and l i f t  of a spinning body was found to  be greater than that of a non-spin- 

ning body. It was a lso  found that there exis ts  a spin induced l a t e r a l  l i f t  

force which i s  analogous to  the Magnus ef fec t  but i s  opposite i n  direction. 

a generalized gas-aurface interaction model was developed and used i n  the 

anclyais of th is  study. 

Gas-surface interaction models such a s  those of Hen-ill, Schamberg, 

and Nocilla, contain two o r  more parameters which may be adjusted to  cover e 

certain range of possible gas-surface interactions. Although auch specific 

mdels  m y  be used to  develop the nerodynamic equations of s a t e l l i t e s ,  the 

validity of these models f a  thia application has not been determined. The 

resul ts  of th is  study show that the proposed generalized model fa  necessary 

i n  the interpretation of meaaured s a t e l l i t e  aerodynamic properties. 

In the peat, the interpretation of measured s a t e l l i t e  aerodynamic 

properties to obtain information on the gas-surface interaction and o r b i u l  

gas density has not been successful for two reasons; (1) the uncertainty in 
1 

the val id i ty  of gas-surface interaction models, and (2) insufficient data to 

C a I l m  a determination of the o rb i t a l  gas density and a t  leas t  two gas-surface 

r interaction parameters. The resul ts  of thia study i l l u s t r a t e  strongly the 

feas ib i l i ty  of performing a ea t e l l i t e  experiment i n  which accurate data could 

In addition, spin induced merodynamlc torqGe.9, p c r p d i c u b r  to the .pi0 

axis ,  are significant on bodies a t  angles ~f a t tack to  the flov. 

The gas-surface interaction was found to b v e  a atroW t n t b v c  

i n  determining the aerodyn8mic properties of both apinniw and dooo-.plaLq 

bodies. Both analyticnl and numerical reaulta were obtained for  the -0- 

dynamic properties of four bade body shapca (disk, cylinder, cone, a d  

sphere) to  study the ef fec ts  of spin, angle of a t u c k ,  and the g . s - w h C e  

interaction. 
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1 INTRODUCTION s a t e l l i t e  aerodynamic p roper t i e s  could y i e l d  informaiior  on y**-sur&cs 

i n t e r a c t i o n  However, meamrements o f  $ a t e l l i t @  eeradynrm-c d r e ~ ~  have bran 
:lie f r e e  molecu la r  flow regime, rntcrmolecular  collisions may inconclusive rn determining information on the yac-aurfcee in tc rnce ien  b r  

bb neg.bcted the gas-surface r n t e r a c t i o n  then becomes the domlnatlng two reasons,  1) u n c e r t a i n t i e s  i n  the  s a t e l l i t e  en$,ro?mi?t, prrnarety, ua- 

xnfiuence in t h i s  flow regime For e a r t h  s a t e l l i t e s ,  f r e e  molecular 
c e r t a i n t y  i n  the atmospheric dens i ty  and 2) unc@rCeinciiw L? t h e  aerodynonfc 

d l ~ l o n t  C X I S ~  a t  a l l  a l t i t u d e s  above 100 mr (161 km ) It i s  the re fo re  
p roper t i e s  o f  sa t e1 IL tes  and,  thus,  ~n the 1nterpretw:ion o f  re neseurc- 

a sqcn t in l  ena: :he e f f e c t  o f  the gas-surface interaction be consldered in ments Drag measurements r e a l l y  only de te rv ine  the product  o f  , c n a ~ t y  and 

cbt  datermiqst ion of  the aerodynamic p roper t r e s  o f  s a t e l l i t e s  d r a ~  c o e f f i c t e n t s  s ince  ne r the r  LS known separa te ly  

h t  sete;litp velocities, the gas  molecules of the atmosphere im- 
The problems wrtb i n t e r p r e t i n g  drag measuremelts sugr , -  chat ar 

plwe on the surface a t  v e l o c i t i e s  rn  the order  of  7 t o  8 km/sec. 
add i t rona l  aerodynamic property of a  satellite s h o ~ ~ d  bc meBDULb~ B J C ~  a s  

~ ~ k i ~ ~  into account the werght o f  the molecules composing th2 
the  slowdown race o f  a  spinnlng a a t r l l l t e ,  hhrch,  whzo cornoancG w i t h  the 

Eltwosphere, the interact lor ,  energy associated wrth s a t e l l i t e  v e l o c f t l e s  i s  In drag measurement of t l a t  s a t e l l i t e ,  would prcvide n means a? nemraeiog the 

the --nge o [  1 to 10 ev Laboratory experrments usrng molecular beam tech- 
e f f e c t s  of dens i ty  and drag c o e f f r c l e n t  o r  gas-surface ~ n t e r a c t  cr Analyses 

have not been rn duyl ca t rng  these  t n t e r a c t i o n  energies.' 
of t h l s  type have been perrormed on drag and s p ~ n  zs te  deca, do-. f o r  paddie- 

~ h ~ ~ ~ f ~ ~ ~  the character o f  the gas-surface i n t e r a c t i o n  a t  s a t e l l i t e  vela- 
wheel shaped s a t e l l i t e s ,  from which es t ima tcs  o t  tl-e det s i t y  nna a gab-sur- 

c:tirn end thus  the  e f f e c t  of the i n t e r a c t i o n  on s a t e l l r t e  aerodynamrc pro- face interact ,on parameter were obtained 3 '4  These resjit- a:c Fo.iever, 

p e r t i e s  llns not  been determined It has heen poss ib le  t o  cons t ruc t  models Of 
sub jec t  t o  unce r t a rn t i e s  which a r e  much the same a %  -hose e s s c ~ - ~ t e d  wrth 

the gas-surface i n t e r a c t i o n  from pr incxp les  and experrmental r e s u l t s  
drag rreasurements w, .;ince the rreasureoients o f  drug and sloudaun ra te  

ohtaxiled f o r  i n t e r a c t i o n  ene rg ies  l e s s  than 1 ev Such eode l s  contain tw3 
were a f u n c t ~ o n  of a t  l e a s t  th ree  unknown.; ( c r o r ~ c l  &a8 d e ~ s x - y  o r d  two o r  

o r  =ore parameters which may be ad jus ted  t o  include a  c e r t a i n  range of pos- 
Tore gas-surface rn te rac t ron  parameters) ,  a  ~ i a l u c  fcr a: icras? one o f  tbe 

s-ble r , t e rac t ion  It has n o t  Seen determined, hawevsr, how we l l  these 
unknowns had t o  be assumed ~n order  t o  obtazn estimccrs of ~ h t  ot-er two  

modeis approximate the a c t u a l  gas-surface ~ n t e r a c t r o n  thac occurs  l a  the Secondly, s rnce  the v a l r d l t y  o f  any part icul- i r  model of  t b e  g c r - > ~ ; f a c e  i n t e r -  

s s t e ? l r t e  enviranment 
ac t ron  has not  been e s t a b l i s h e d ,  the in te rp re tn txor  cf mencure i rents  my be 

The f a c t  t h a t  aerodynamic p roper t i e s  oE bodles  i n  a f r e e  molecular made, a s  rn Refererces 2 and 3 ,  uaing a  numbtar of dllcfcren ? o d e ~ s  

flow oepend on che gas-surface interaction suggests  t h a t  measurements of  



" .  . . incr each model used p r o d u c e s  a  d i f f e r e n t  e s t i m a t e  o f  d e n s i t y ,  t h e  e x p e r i -  c o n s i d e r i n g  o n l y  t h e  moments o f  d r a g  f o r c e s  a b o u t  eke center  JI magi# of 

monc 18 a l i l e  t o  d e t e r m i n e  o n l y  a p o s s i b l e  r a n g e  on t h e  d e n s i t y .  
s a t e l l i t e  ( s e e  f o r  example R e f e r e n c e s  7 ,  8) which,  I n  gcncrni ,  do n o t  a 

The f i w t  p o i n t  made above s u g g e s t s  t h a t  a d d i t i o n a l  aerodynamic  
comple te  u n d e r s t a n d i n g  o f  t h e  i n f l u e n c e  o f  t h e  gas - su r face  i n t c r u c c i o n .  

r r o p e r t i e : :  s h o u l d  be measured i n  o r d e r  t o  remove t h e  n e c e s s i t y  t o  make 
More e x a c t  a n a l y s e s  o f  t h e  aerodynamic  t o r q u e s  have been made in ReEarencem 

asaiinpCioi:s which c a n  i n t r o d u c e  e r r o r s  i n  t h e  interpretation o f  t h e  measure- 
9 ,  10, and 1 1  f o r  t h e  c a s e  of  a  s p i n n i n g  s p h e r i c a i  ~ a t e l X I t e  i.1 which it War 

?ants. T t ~ e r e  a r e  s i x  aerodynamic  p r o p e r t i e s  t o  be  c o n s i d e r e d  c o r r e s p o n d i n g  
found t h a t  t h e  aerodynamic  t o r q u e  p r o p e r t i c : ;  a r c  s t r o n g l y  depensene upon a 

to t h e e  components o f  f o r c e  a n d  t h r e e  components o f  t o r q u e  a c t i n g  on a  
s i n g l e  p a r a m e t e r  o f  a s p e c i E i c  g a p - s u r f a c e  i i n t e r a c t i o n  m o d e l .  

s a t e l l i t e . ,  however ,  t h e  p r o p e r t i e s  must n o t  o n l y  be  m e a s u r a b l e  b u t  must a l s o  
The o b j e c t i v e  o f  t h i s  s t u d y  i s  t o  sna;yze  mare f u l l y  rhe i o f I u e n c @  

be i n d e p e n d e n t  f u n c t i o n s  o f  t h e  q u a n t i t i e s  t o  be  d e t e r m i n e d .  The f r e e  mole- 
o f  t h e  g a s - s u r f a c e  i n t e r a c t i o n  on t h e  aerodyr innic  p z o p e r t i e s  c f  epinning 

c o l o r  n e r ~ > d y n a m i ~  p r o p e r t i e s  ( d r a g ,  l i f t ,  a n d  t o r q u e )  o f  n o n - s p i n a t n g  b o d i e s  
b o d i e s  and t o  propose  s a t e l l i t e  e x p e r i m e n t s  t o  accu race ly  d e e e r n i n e  the? gas  

are Ienowrb t o  depend o n  t h e  a n g l e  o f  a t t a c k  o f  t h e  body and t h e  g a s - s u r f a c e  
d e n s i t y  and t h e  g a s - s u r f a c e  i n t e r a c t i o n .  

i n t e r n c t i ~ n n  ( s e e  f o r  example R e f e r e n c e s  5 and 6) .  F o r  l o " - s p i n n i n g  s a t e l -  
In o r d e r  t o  remove u n c e r t a i n t i e s  i n t r o d u c e d  by B v a r i e t y  of  pos- 

l i t e r ,  however, t h e  e f f e c t s  o f  l L f t  and t o r q u e  p r o p e r t t e s  c a n n o t  be  e a s i l y  
s i b l e  g a s - s u r f a c e  i n t e r a c t i o n  models  t h a t  can  be  used i n  such .a s t u d y  and 

a s s e s s e d  because  t h e  o r i e n t a t i o n  o f  che s a t e l l i t e  w i t h  r e s p e c t  t o  t h e  f low s a t e l l i t e  e x p e r i m e n t s  (second p o i n t  made a b o v e ; ,  a g e r e r a Z i z e C  :as-surface 

i s  u s u a l l y  unknown a n d  p r o b a b l y  ranaom. S p i n n i n g  satellites, on t h e  o t h e r  i n t e r a c t i o n  model i s  developed which i s  d e s i g n e d  t o  cover  a v ~ i 2 e r  range of 

h a n d ,  m a i n t a i n  r e l a t i v e l y  f i x e d  o r i e n t a t i o n s  i n  s p a c e .  I f  t h e  o r i e n t a t i o n  
p o s s i b l e  g a s - s u r f a c e  i n t e r a c t i o n s  t h a n  models  c u r r e n t i y  b i i n g  b ~ ~ e d .  The 

o f  thc s p i n  a x i s  o f  t h e  s a t e l l i t e  i s  known, i t  i s  p o s s i o l e  t o  d e t e r m i n e  t h e  g e n e r a l i z e d  model c o n t a i n s  c u r r e n t l y  a c c e ? t e d  models a s  s.ibcl.isaes and h a s  

." 
ang le  o f  a t t a c k  o n  t h e  s a t e l l i t e  w i t h  r e s p e c t  t o  t h e  f l a w  a t  a n y  p o s i t i o n  t h e  a d d i t i o n a l  a d v a n t a g e  o f  b e i n g  a b l e  t o  i n c o r p o r a t e  i3borocar:. r e s u l t 8  

i n  t h e  o r b i t .  T h i s  s u g g e s t s ,  t h e n ,  t h a t  t h e  aerodynamic  p r o p e r t i e s  of s p i n -  
a n d  models  which may b e  s u g g e s t e d  i n  t h e  f u t u r e .  The d e s c r i p t i o n  o f  "his 

n i t s  s a t e l l i t e s  may p r o v i d e  t h e  m e a s u r a b l e s  needed f o r  d e t e r m i n i n g  t h e  g a s  g e n e r a l i z e d  model i s  g i v e n  i n  c h a p t e r  2 .  

d e c s i t y  and g a s - s u r f a c e  i n t e r a c t i o n  p a r a m e t e r s .  I n  c h a p t e r  3 ,  t h e  g e n e r a l i z e d  nociel is u s e d  to develop the eque- 

P a s t  s t u d i e s  o f  t h e  f r e e  m o l e c u l a r  aerodynamic  p r o p e r t i e s  o f  r i o n s  e x p r e s s i n g  t h e  aerodynamic  p r o p e r t i e s  o f  spirrnis-r, .Ai,d rcoin-spinning 

s p i n c i n g  t o d i e s  do n o t ,  however ,  p r o v i d e  a  s u f f i c i e n t  b a s i s  f o r  p r o p o s i n g  b o d i e s  i n  a  f r e e  m o l e c u l a r  f low.  The r e s u l t s  no ta incd  msp be ~ n t e r p r e t e d  

:" s s a t e l l i t e  e x p e r i m e n t  s u c h  a s  s u g g e s t e d  a b o v e .  The a n a l y s i s  o f  a e r o d y n a m i c  
in terms of a n y  o f  t h e  g a s - s u r f a c e  i n t e r a r , : i o n  modzis c o r r a i n c d  a s  sub- 

Corqce on s p i n n i n g  s a t e l l i t e s  i s  u s u a l l y  made on a n  a p p r o x i m a t e  b a s i s  
c l a s s e s  i n  t h e  g e n e r a l  model .  The aerodynilmic e q i ~ a t i > i n s  ? r e  l n v e l o p e d  i n  



a ge'crol manner which makes them a p p l i c a b l e  t o  b o d i e s  o f  v a r i o u s  s h a p e s .  

I n  c h a p t e r  4 ,  r e s u l t s  a r e  o b t a i n e d  f o r  a  d i s k  ( c r  f l a t  p l a t e ) ,  

c y l i n d e r .  c o n e ,  and s p h e r e  f o r  a r b i t r a r y  a n g l e s  o f  a t t a c k  and f o r  b o t h  t h e  

~ p i ~ n i n y  and n o n - s p i n n i n g  c a s e s .  These  r e s u l t s  r e v e a l  t h e  s t r o n g  i n f l u e n c e  

oi t h e  & a s - s u r f a c e  i n t e r a c t i o n  on t h e  aerodynamic  p r o p e r t i e s  o f  s p i n n i n g  

bod:es. 

I n  c h a p t e r  5 ,  t h e  a r r o d y n a n i c  p r o p e r t i e s  o f  s p i n n i n g  s a t e l l i t e s  

i s  s t u d i e d  t o  d e t e r m i n e  t h e  impor tance  o f  t h e  g a s - s u r z a c e  i n t e r a c t i o n  o n  t h e  

a v e r a g e  aerodynamic  p r o p e r t i e s  o f  s a t e l l i t e s .  These  r e s u l t s  s u g g e s t  pos-  

s i b i l i t i e s  f o r  performing s a t e l l i t e  e x p e r i m e n t s .  The randcm tumbl ing pro-  

blem i s  a l s o  s t u d i e d  i n  t h i s  c h a p t e r .  

I n  c h a p t e r  6 ,  s a t e l l i t e  e x p e r i m e n t s  a r e  proposed and t h e  f e a s i -  

b i l i t y  o f  p e r f o r m i n g  t h e s e  e x p e r i m e n t s  i s  i n v e s t i g a t e d  by a s s e s s i n g  t h e  

p o s s i b l e  a c c u r a c y  and t h e  magni tude  o f  measurable  q u a n t i t i e s  needed t o  

d e t e r m i n e  t h e  unknowns o f  a t m o s p h e r i c  d e n j i t y  a n d  g a s - s u r f a c e  i n t e r a c t i o n  

parameter :%.  

The f e a s i b i l i t y  o f  t h e  proposed s a t e l l i t e  e x p e r i m e n t  i s  enhanced 

by rceuits o b t a i n e d  i n  a  s t u d y  performed by t h e  C o o r d i n a t e d  S c i e n c e  Lab- 

c r a t o r y  p e r t a i n i n g  t o  t h e  measurement of  s a t e l l i t e  p r e c e s s i o n  r a t e s  which 

c c u l d  be c a u s e d  by a  g e n e r a l  r e l a t i v i t y  e f f e c t .  T h i s  s t u d y  determined t h a t  

e x t r e m e l y  a c c u r a t e  measurements of even  s m a l l  p r e c e s s i o n  r a t e s  a r e  p o s s i b l e  

by us ing  s c o m p l e t e l y  p a s s i v e  o p t i c a l  r e a d o u t  t e c h r i v e  u t i l i r i n g  o b s e r v a -  

tions of  !;unLights r e f l e c t e d  by t h e  s a t e l l i t e  s ~ r f a c e . ' ~ . ' ~  On t h l s  b a s i s  

t hen ,  i t  i s  proposed t h a t  f o r  c e r t a i n  s a t e l l i t e  s h a p e s  t h e r e  a re  a t  l e a s t  

ttree meosuroble  aerodynamic  p r o p e r t i e s  ( d r a g ,  slowdown t o r q u e ,  and 

p r e c e s s i o n  t o r q u e )  which can be u t i l i z r d  t o  determine nor< prr c t s c i y  the 

a t m o s p h e r i c  d e n s i t y  and t h e  c h a r a c t e r  of t h e  g o a - s u r f ~ c i  - t c r  ..tion a t  

s a t e l l i t e  v e l o c r t i e s  



Insufficient information i s  available a t  present t o  warrant choos- 

ing a specific gas-surface interaction model to  represent the reflection of 

tmlaculem which impinge a surface a t  s a t e l l i t e  velocities.  For th is  reason, 

a generalized gaa-surface iateraction model i s  developed such that it con- 

taina varioum possible gas-surface interaction models or subclasaes includ- 

ing the modelm of b x u e l l ,  Nocilla 14, and Schamberg 15. 

The generalized m~de l  w i l l  be used i n  the development of equations 

to express the aerodynamic properties of spinning bodies i n  subsequent 

chapters. The resulting equations have the advantage that they can then be 

interpreted i n  terms of any of the gas-surface interaction models contained 

aa subclasses of the general model. 

2.1. A Generalized Model for the Interaction 

Consider a stream of mow-energetic, uni-directional neutral gas 

moleculea impinging upon a solid surface a t  an angle of 8 with respect to 

the plane of the surface (see Figure 2.1). Also consider tha t  the molecules 

are  a11 reflected in a beam which i s  axia l  symmetric about an axis which 

makes an angle 6 with respect eo surface, in the plane formed by the imping- J 
ing moleculee and the surface normal (see Figure 2.1). The subscript, j, 

on 0, may take on values of 1.2.3---to represent cases i n  which the reflec- 

tion can be wdeled a s  being composed of two or more beams which are axia l  

s p e t r i c  about axes which make angles with respect to  the surface of Ol,  
- 

e2, e3 - - - - - respectively. The purpose for adding the ve r sa t i l i t y  of , c 

Figure 2.1. Notation used i n  the generalized wdel .  



of umiw more t b n  o m  reflected beam wi l l  be i l lus t ra ted  l a t e r  i n  t h i s  

chapter. For the present, however, consider the beam in  the 0 j direction. 

I n  order to  describe the gas-surface interaction, the following 

three quantities muat be detemined about the reflected beam. 

1. The velocity. 

2. The angle of reflection. 

3. The number flux. 

%a re ls t ions  of these three quantit ies with the inci6ent beam properties 

a r e  described in the following three sections. 

,Elected Velncitx 

I ' In  genercl. the veiocity of individual moleculer. reflected from 

eh. surface w i l l  be Ois-ibuted i n  -me arbi t rary  manner. The distribution 

I of veloci t ies  of a large number of reflected molecules could be, for example, 

r Dbawliinn, o r  constant (no distribution),  or  any one of any numerous 

po8siLle d ia t r ibut iws.  For pu lpse s  of calculating the force on the smface 

I i n  f ree  v l e c u t r  flow, however, the specific distribution of velocities i s  

I 
not L p o r u n t  since once the molecules leave the surface they do nat again 

h i t  the surface, and they do not collide with the impinging molecules. 

Only the average velocity of the reflected beam i s  needed in 

d e e e d n i u g  the momentum of  reflected molecules and then the force on the 

-face. Therefore, e vector v e l o c i t y ~  is defined to represent the J 
average ve:acity of the beam of molecules reflected in the direction 

The velocity is also  i n  the direction of Of since the beam i s  assumed t o  
J 

k ag. .e t r iu l  i n  velocity uirtribution about the axis a t  angle 9 1 ' 

I1 
.1 

In  order to re la te  the magnitude of v*locity i j  with rhc rm- 
" 4 j 

of velocity 5 (velocity of impinging molecules). pramzter a is btro&uod. 
1 '  1 j .. where 

Uj - U q  2.1 I; The parameter uj i s  defined i n  thin manes to  faciliL.tc qlc 

reduction of the generalized model parameters to the parameter of oChct 

models. Equation 2.1 i s  equivalent t o  wr!ting 

which i s  often referred to a s  the definition of the the-1 accolod. t fen  

coefficient. Bowever. the designation of thermal a c c d t i o n  coefficient 

is rather vague and ill defined. The thermal s cco l l~da t ion  cocff ic imt .  a. 

is a lso  often defined a s  

1 7  where Ti is the temperature of the incident y s  molecules, Tr is the t a p e r -  I 
1 -* ature of reflected molecules and Tw i s  the temperature of the surface (wall). 1 j 7 If the temperatures a r e  understood to  represent the k inet ic  tempraturea, 

& 

and i f  T ~ I T ~  CC 1 then Equation 2.3 may be written a s  

The r i gh t  hand side of bquafion 2.4 is s i n i h r  to  the definition of a, in I 
Equation 2.2 except that U i n  Equation 2.2 reprerents the average velocity 1 J 
i n  the 9 direction whshile the velocity Ur represents the velocity csroct.tcd 1 f 
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w i t h  Tr. the temperature of the reflected molecules. The operation i n  

p i n g  from temperature to velocity i n  Kqurrtion 2.4 depends on the distribu- 

tion function of reflected mlecules  and a lso  on the definition of temper- 

ature.  For the purposes of t h i s  study, Eqrution 2.2 w i l l  be used without 

reference to temperature. 

2.1.2. A n e h  of Peflection 

Zhe reflection of a beam of molecules from a solid surface was 

f i r a t  considered by Maxwell to  be analogous t o  the reflection of l i gh t  

fra a surface. He postulated t ha t  molecules could be reflected e las t ica l ly  

o r  specularly much a s  l ight  from a perfect mirror, or the wlecules  could 

r e f l ec t  diffunively a s  l i gh t  does from a rough surface (see Figure 2.2). 

Even &ugh th i s  treatment of the angle of ref lec t ion m y  be elementary, 

the I(.mell model has found vide applications. 

In 1959, B.   cham berg'^ proposed a gas-surface interaction model 

uhich allowed fcr reflections a t  angles between the l imi ts  of specular sod 

diffuse. Schambergpostulatedtbt the angle of reflection should be 

related w the angle of incidence of the wlecular  bean.: As an example of 

ouch r relationship, Scfremberg introduced a parameter, v, defined by 

- . --- 

eos 8, = ei)'; v 2 1 2.5 

vhcre 0 is the angle of the reflected beam of molecules and Bi i e  the angle 

of incidence. I n  the l imi ts  of v - 1 and v - m. the Schamberg model reduces 

to the cases of apecular and diffuae angles of reflection respectively. 
Figure 2.2. Notation uesd in the Uxwell m & l .  



Altbough r e c e n t  experf.nente1 r e s u l t s  us ing  w l e c u l a r  beam tech- 

niques i n d i c a t e  that Equat ion 2.5 is  n o t  i n  genera l  c o r r e c t ,  experimental  

r o s u l t s  do i n d i c a t e  t h a t  t h e  a n g l e  of r e f l e c t i e n  is a func t ion  o f  t h e  

s n g l o  of i n c i d e m e . ( t h e  experimental r e s u l t s  w i l l  be discussed l a t e r  i n  

t h i s  chap te r ) .  I n  o rde r  to inc lude  a n  ang le -o r - re f l ec t ion  law i n  t h e  

pjanernli%ed model, conaider  the  f u n c t i o n a l  r e l a t i o n s h i p  between t h e  ang le  o f  

r e f l e c t i o n ,  ej, and the  a n i l e  of incidence,  8, t o  be i n  the f o m  of  a 

genera l  polynornfal of degree N. That  is ,  l e t  

M 
ej = a j  + Z (bj)n en 2.6 

n-1 

where s and (b )n: n 1,2,...N a r e  cons tan t  c o e f f i c i e n t s .  
J 3 

As appropr ia t e  experimental  r e s u l t s  become a v a i l a b l e ,  t h e  cons tan t s  

B and (b ) can be found by f i t t i n g  a polynomial t o  the experimental  da ta .  
J 3 0 

Since appropr ia t e  experimental  data is n o t  now a v a i l a b l e ,  assume, a s  e f i r s t  

approximation,  t h a t  the  func t iona l  r e l a t i o n s h i p  fo r  the  ang le  o f  r e f l e c t i o n  

is l i n e a r  i n  8. That  i a ,  l e t  

e j  = a j  + b j8  2.7 

which contnina t h e  tun unknown c v n s t a n t s  a j  and bj .  Unless the re  is a 

syntematic  i r r egu la r i t ? .  i n  t h e  s u r f a c e ,  t h e  r e f l e c t i o n  o f  a molecule beam 

which i s  i n c i d e n t  normal t o  the su r face  (8 ;) should a l s o  be normal t o  

t h e  qurface (9, - :). U ~ ~ i n g  t h i s  reasoning,  one o f  the  unknown cons tan t s  i u  

Equat ion 2.8 can be e l imina ted  to o b t a i n  a func t iona l  r e l a t i o n s h i p  dependent 

upon on ly  one unknown cons tan t ,  Pj ,  where 

1 r 
This  form o f  the  ang le -o f - re f l ec t ion  law w i l l  be used i n  l a t e r  chap te r s  to 

i l l u s t r a t e  the  e f f e c t  o f  ang le  o f  r e f l e c t i o n  on the  aerodynn~lic  p r o p e r t h e  

o f  convex bodies  i n  f r e e  molecular flow. 

2.1.3. Reflected Number Flux 

I f  a s o l i d  su r fece  i s  n e i t h e r  a source o r  s i n k  f o r  m l e c u l e s ,  the 
P g. 

% 2 $$ number f l u x  o f  r e f l e c t e d  molecules must equal  t h e  number f l u x  of  i n c i d e n t  
.b 

I I-? molecules. The number f l u x  of  inc iden t  molecules, 6, i a  defined as 

i gl where p i s  the  dens i ty  o f  the  inc iden t  gas ,  i s  the  u n i t  normal t o  t h e  
p .A 

i. - su r face ,  and 5 i s  the inc iden t  v e l o c i t y  wi th  r e s p e c t  t o  the  su r face .  I f  . -  
i .I a l l  t he  molecules were r e f l e c t e d  i n  a s i ~ g l e  beam, qeflected - Pi &?.;. 

b y  For the  general ized model, a parameter o j ,  i s  introduced which r e l a t e s  the  

, . t  2 -. 
$ number f l u x  r e f l e c t e d  i n  the 8 beam, Nj, w i th  t h e  i n c i d e n t  nunbe? f lux .  f 
i 'I Le t  

1 -1 For cases  when a l l  t he  inc iden t  molecules a r e  r e f l e c t e d  i n  the  8 d i r e c t i o n ,  
j 

5 .% . (. 

uj - 1. POI t h e  more g e n e r a l  case  when the  r e f l e c t i o n  is  composed o f  J 
j 3 ..... syomretric beams having d i r e c t i o n  e l ,  e2, 

'3 5 - 
S ;L 3 

$ %a 
where 3 i s  the  number o f  r e f l e c t e d  beams. 



2.1.4. Parametsra o f  the  General ized Model 

Three sepa ra te  parameters have been introduced which de f ine  the 

gsa-aurface i n t e r a c t i o n  i n  a  genera l i zed  manner. The average v e l o c i t y  of  

t h e  r e f l e c t e d  molecules is  r e l a t e d  t o  the v e l o c i t y  o f  the  inc iden t  molecules 

by t h e  parameter u where the  magnitude o f  U i s  given by 
J J  

The v e l o c i t y  U is a vec to r  having d i r e c t i o n  de f ined  by the  ang le  o f  r e f l e c -  
J 

t i o n  ej. As a  f i r s t  approximation, 8 is r e l a t e d  t o  the  ang le  o f  incidence 
1 

8 by t h e  parameter P given by 
j 

The number f l u x  o f  molecules  r e f l e c t e d  i n , t h e  beam which i a  symmetrical 

about  the 9 a x i s  is  r e l a t e d  t o  the i n c i d e n t  number f l u x  by the  parameter 
f 

u g iven  by J 

where 

J 
C u j - 1  

JP1  

and where J r e p r e s e n t s  the  number o f  symmetric beams. 

2.2. Subclasses o f  the  General ized Model 

For each r e f l e c t e d  beam, t h e  parameters  crj, cuj, and P must be J 
s p e c i f i e d  t o  determine the  fo rce  on the  su r face .  By proper choice of  these  

parameters ,  t h e  genera l i zed  hode l  can be reduced t o  more s p e c i f i c  gas-surface 

i n t e r a c t i o n  models. T h i s  procedure i s  I l l u s t r a t e d  i n  the  fqllowimg tkcc 

s e c t i o n s  f o r  the  models of Maxwell, Schamberg, and Noc i l l a .  

2.2.1. Reduction t o  Maxwell Model 

I n  the Maxwell r e f l e c t i o n  model, t he  r e f l e c t i o n  is d iv ided  into 

two components, specular  and d i f f u s e .  Define 

ud = f r a c t i o n  of  inc iden t  molecules 2.14 
which a r e  r e f l e c t e d  d i f f u s e l y  

(1-cud) - f r a c t i o n  o f  inc iden t  moiecules 2.15 
which a r e  r e f l e c t e d  specu la r ly  

The v e l o c i t y  o f  molecules r e f l e c t e d  specu ia r ly  is de f ined  a s  being equa l  to 

the  inc iden t  v e l o c i t y  and ang le  of  r e f l e c t i o n  is equa l  to the a n g l e  of  

incidence ( e l a s t i c  c o l l i s i o n  w i t h  t h e  surface)  (see F igure  2.2). For the  

-d i f fuse ly  r e f l e c t e d  component of the  r e f l e c t i o n  consider  the  v e l o c i t y  o f  

r e f l e c t i o n  t o  be r e l a t e d  t o  the  inc iden t  v e l o c i t y  by the  thermal a c c o d -  

t i o n  c o e f f i c i e n t  cu where 

where Ti, TI, and T a r e  de f ined  a s  i n  Equation 2.2. 

The Uaxwell model is  obtained from the genera l i zed  model, a s  

fol lows.  

F i r s t ,  consider  the  s ~ e c u l a r  component o f  r e f l e c t i o n  and l e t  t h i s  

be beam j = 1. Then, l e t  



Figure 2.3.  Notation used in the Schamberg model. 



nr(0) = K cos a . Go 3 2.20 

where n i s  the number o f  re-emit ted molecules per u n i t  time whose d i r e c t i o n  

o f  re-emission ( r e l a t i v e  t o  the  a x i s  of  t h e  beam) l i e s  between @ and (O+d@) 

The cons tan t  K is  r e l a t e d  t o  the number f l u x  o f  r e f l e c t e d  molecules and i s  

dependent upon 1:hether the  r e f l e c t e d  beam i s  two-dimensional (wedge shape) 

o r  thrr.e-dimensional (con ica l  shape) .  

To reduce the  genera l i zed  model t o  the  Schamherg model, the 

average v e l o c i t y  o f  the  r e f l e c t e d  beam must be found. For a  three-dimen- 

s i o n a l  con ica l  beam the average r e f l e c t e d  v e l o c i t y  can be determined from 

e rp ress iona  derived by Schamberg, 

uj = *3(OO)vr 2.21 

where g3(0,) is de f ined  i n  Schamherg's 1959 paper ,  and Vr i s  the magnitude 

o f  t h e  constarit v e l o c i t y  o f  ind iv idua l  molecules i n  the  r e f l e c t e d  beam. 

The q u a n t i t y  P3(flo) has  a  maximum value o f  one f o r  Oo = 0 and a minimum 

value o f  213 f o r  0, - f. The v e l o c i t y  V i s  r e l a t e d  t o  the  inc iden t  ve loc i ty  

Vi (o r  U i n  the  no ta t ion  being used f o r  t h e  genera l i zed  model) by a  thermal 

sccommodation c o e f f i c i e n t ,  U, which hae heen de f ined  i n  Equation 2.2, i . e .  

Vr f i  Vi 2.22 

S u b s t i t u t i n g  Equation 2.22 i n t o  the  express ion  f o r  U i n  Equation 2.21, the  
J 

fol lowing expression r e l a t i n g  U t o  U is ob ta ined .  
j 

u - JTr;; *,(00) u 
J  

There fo re ,  i n  o rde r  t o  reduce the  genera l i zed  model t o  t h e  Schamherg model, 

t h e  parameter u muet be de f ined  a s  
J 

The two parameters ,  0 and Oo, of  the Schamberg w d e l  a r e  then reduced to one 

parameter U 
j ' 

The ang le -o f - re f l ec t ion  law proposed by Schamberg i s  given by 

COS oj  (COB 8)' 2.25 

and was discussed b r i e f l y  i n  s e c t i o n  2.1.2. A p l o t  o f  Equation 2.25 f o r  

various values of  v i s  given i n  Figure 2.4. A rough approximation t o  

v a r i a t i o n  i n  8 .  a s  a  func t ion  o f  8 f o r  the  Schamberg model can be made by 
-3 

discontinuous l i n e a r  r e l a t i o n s h i p s .  For example, 
* 

0 = a  +b 8,  f o r  8 5 8 
J  j j  

.,. 2.26 

- -* 
For the Schamberg model Equation 2.25, the  0 v s  0 curves a l l  pass  through 

J .  

I _. the (0.0) and (;,;) po in t s .  Using t h i a  information,  a j  = 0,  c, $ (1-d,). 

-. Also,  using the  f a c t  t h a t  a t  8 = @* t he  two l i n e s  i n t e r s e c t ,  Equat ions 2.26 

.. reduce t o  

-. 
(1-d ) - .- 5 = [; -$- + dj] E f o r  0 5 C 

-. 2.27 * 
a. -; (1-dj) + d j 8  f o r  9 2 8 

< 

. . 
A one parameter family o f  d i scon t inuous  l i n e a r  curves can he developed from 

1 -, Equations 2.27 f o r  a  choice of a  r e l a t i o n s h i p  between 6* and 8. Th i s  i s  
i -: 
i .: i l l u s t r a t e d  i n  Figure 2.5 where 8* was chosen t o  occur along the  l i n e  from 

I -, 0 ) t o  0 The approximation i l l u s t r a t e d  i n  F igure  2.5 r e t a i n s  the 

E 1 -; e s s e n t i a l  c h a r a c t e r i s t i c s  of the  Schamberg cosine v a r i a t i o n .  



Bi (degrees) 

k* 
Figure 2.4.  Plot of schamberg's angle-of-reflection law. 

Figure 2.5. Plot of possible aqgle-of-reflectlon relationships 
formed by discontinuous linear curves. 
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1 Norrno! Component 

Figu re  2 . 6 .  Notation used in the N o c l l i n  model 



The outgoing numbe'r f lux  ir i s  given by 

4 - \ GG- x(or) 2 . S  

Substi tuting Equation 2.33 in to  2.34 and using the conservation of r r a  1 

n .u 
D~ - U 'I [(or x(o;) + $ T? (l+erf or)) sin 8 

'r 

f lux  condition . . 
mNr - mlP - na,2 L~ - - o ~ ( 0 , )  + + n*(l+erf or)] coo e 

2n'Is: [' 
+ sr cos Br [x(or)) s i n  e] Equation 2.33 reduces t o  - 

P~~~~~~~~~ - P 5-G ;-ifr + c(ur) z] 
where 

or - Sr s i n  Or 
2 

~ ( o , )  - evr + nllor(l+eri 
I n  terms of  the proposed generalired model. a re f lec t ion  of the 

Soci l la  type can be considered t o  be compoaed of cw buma, one w r M 1  to 

surface and one i n  the di rec t ion  of $. The p a r n s t e r  CI is not wedad J 
since conservation of  mass flux i s  autometically M t i a f i e d  by tb No b m u .  

Let beam j - 1 be i n  the  sr direction.  Since one i a  f r e e  t o  chooae 

relationships for  the D; and %. l e t  

I f  t h e  term x(or) i s  factored out  of Equations 2.29 and 2.30, and 

i f  tbe axpreaaion for ur i n  Equations 2 . 3 1 i s  used, Dr and L become. 

D, - - s i n  81 

2.32 

nr.0; n' ( ~ + e r f  or) 4 - - 5 2 x(ur) [sr Sin (8 + er) + 2.,(or) 
=o= 81 

2n Sr Ur I 6 U and f Pr + (1-Pr) 8 2.38 

Consider beam j - 2 t o  be normal t o  the surfece. Zb.0 

u2 - G(ur) - *(q)cr 

where 

cr - ( 2 ~ ~ ~ 1 '  

Prom there equations, it i a  apparent:  tha t  the  vectcr force on the surface 

due to  a ra f lec t ion  of the U o c i l k  type can be divided in to  components 

m r v l  t o  the surface and i n  the di rec t ion  of  the velocity Ur. Prom 

- 
nr.ur2 u t d :~+ert  or)? -- 

r e f l e c t i o n  *nts; ~ ( ' r )  [ - ~ r  f + ~ ( 0 , )  2.33 



r b a  f?m Quation 2.37, define 

Asawing the the velocity cr i s  related to the incident velocjty u by the 

thermal acwmodation ceefficient u ,  

Cr -&i u 

vc u n  define t'le parameter u2 a s  

The reduction of the generalized model to  a model using the 

Nocilla reflected distribution function i s  now complete. The model obtained 

a t i l l  contains three parameters; ur,  Pr, and u2. This form of model serves 

to  i l l u s t r a t e  wmt? in teres t ing  characteristics of the Nocilla distribution 

function. The forces uused by a reflection of the Nocilla type are seen to 

have the character of a Manre11 reflection model except that,  instead of a I 1 
apcu la r  cmponent, a Ur component is employed. Also, similar to the Max- I I 
well mdel ,  the magnitude of the Ur cmponent of reflection i s  seen to  I I 
determine, except for one parameter, the magnitude of the normal component 

of reflection. The rormal component of reflection i s  analogous to the 

diffuriou component i n  the &n te l l  mdel .  Figure 2.7 rhovs a plot of the 

coefficient of the normal component of the Nocille distribution function, 

)(or), a#  s function or. The tern or is e q w l  to the product of Ur and 

r i n  or divided by ct. Pram Figure 2.7, aa U becomes large compared to c r '  
the magnituda of the normal component becomes small. At Or * 0, the normal I I 

Pigure 2.7. Plot of the coefficient of the normal component 
of force for the Nocilla model aa s function of or.  



colponent has a maximum value of .89 cr. Due to i t s  dependence on s i n  er ,  

the qwntit : .  or u n  not In  general  be ass-d to always be Large. However, 

under the 1rpci.l condit ions of Or being much grea te r  than cr and Pr grea te r  

than zero ( t h i s  condit ion on PC insures t h a t  s i n  Br and therefore or w i l l  

not b. seyo),  the quant i ty  #(or) may be assumed t o  be small i n  comparison 

to  rh. Ur component of re f lec t ion .  Under these conditions, tne Uocilla 

d ie t r ibu t ion  function reaemblea the type of r e f l e c t i o n  described by the 

genaralised w d e l  with the average ve loc i ty  repiaced by the ve loc i ty  Ur 

of the WncilLa d is t r ibu t ion .  

W .  Incormre t ion  of BxuerLocnml b s u l t s  

2.3.1. Current S ta tus  of I b l e c u l a r  Beam Exoeriments 

W o l e c u t r  beam experiaents have m t  an y e t  been ab le  t o  obtain 

rasultm which could be d i r e c t l y  applicable to the ca lcu la t ion  of forces and 

torque# on e s a t e l l i t e .  The major l imi ta t ion  i n  molecular beam experiments 

i s  tha i n a b i l i t y  u, produce a neutral  w l e c u t r  beam of s u f f i c i e n t  in tens i ty  

I and a t  a ve loc i ty  which corresponds t o  the veloc t ty  of impingement of 

a t w s p h a r i c  molecules on a s a t e l l i t e  i n  n u r  u r t h  o r b i t .  I n  terms of the 

1 energy of in te rac t ion ,  the range of 1 to 10 ev corresponds t o  t h a t  which 1 

C 
occurs i n  l near e a r t h  o r b i t .  In te rac t ion  energies below 1 ev have been 

obtained by eerodynarie methods such a s  expmsssion of a high pressure gas 

E through a nozzle. On the high energy s f& o f  the 1 t =  iO EV range (10 ev 

and above) neut ra l  molecular b u r s  have h e n  obtained by the method of ion 
r 
L acce la ra t ioe  with subeequmt neut ra l iza t ion  by charge exchange techni.quee 

f (see f o r  example Raferencc 2). 

Although the energy of in te rac t ion  i s  of  primary Lpor- I. 

determining the character  of the gas-surface interaction.  o ther  t u t o r #  

I 
such a s  the s a t e l l i t e  surface conditions and compoaition of gaaea incidmt 

on the surface a r e  a l s o  believed to  influence the in te rac t ion .  Tha r j m  

3 l imitat ion i n  duplicating these fac tors  i n  molecular bum experiwntm h a  

been t h a t  s a t e l l i t e  surface condition end atmospheric composition r a i n  - 
!I uncertain. 

As can be concluded from the above discuasion,  ava i lab le  ex- 
7 

perimental r e s u l t s  a r e  probably not applicable f o r  determining accurataly 

the values o f  the gas-surface in te rac t ion  parameters f o r  the ca lcu la t ion  

of aerodynamics forces on s a t e l l i t e s .  However, molecular beam experimente 

outside the 1 to  10 ev range could for  example suggest the form of the 8 
1 

vs e relat ionship,  o r ,  indicate trends i n  the character  of the in te rac t ion  

which could be extrapolated to  the 1 t o  10 ev range. 

2.3.2. I n c o r ~ o r a t i o n  of In tens i tv  Distr ibution 

I i! The majori ty of experimental work i s  aimed toward o b u i n i n g  

information on the d i s t r ibu t ion  function of re f lec ted  molecules h c a u a e  

a l l  other flow propert ies can be found from the d i s t r ibu t ion  function.  

For appl ica t ion  t o  calculating forces on c0nv.x s s t e l l i t e  ehmpea, h w r ,  

l e s s  de ta i led  i n f o r m t i o n  can be used since the ac tua l  form of the d i e m i -  

bution function i s  unimportant. The generalized g.s-wurface in te rac t ion  

model developed i n  sec t ion  2 .1  suggests the type of experimental dam 

which would be most useful  f o r  s a t e l l i t e  application.  For axamplr, 



dia t r ibut fon  of re f lec ted  in tens i ty  provides information on the number of 

b u m  component# (single lobed. J - 1; bi-lobed, J - 2; e tc ) .  Also, inten- 

s i t y  dfsb' ibutions obuined  for  various angles of  a t tack  t o  the incident 

bur reveals charac ter i s t ics  of the 8, vs 8 re la t ion .  As an example, the 

- 
- 

- 
- 
- 

- 0 Cold Beam, Uz0.54 km/sec. - 
A Hot Beam, U-0.955 km/sec. 

I I I I I I I I 
- -  - -  - . 

e x p r h n t a t  r e s u l t s  of Or vs 8 for  high velocity argon beams on heated 

p t t f u m  obuined  5y b r a n .  Waclmn. a d  ~ r i l l i n g ' ~  a re  plotted i n  Figure 

2.8. l'hese remalts shov t h a t  aa the bum velocity increases,  the para- 

r t e r  P (using the f i r s t  approxiu t ion  for  the 0 relationship) approaches 
J 

zero. These r e s u l t s  show a s l i g h t  departure from a l inear  re la t ion  i n  er 
vs 8 a t  lar incidence angles.  l'he departure i s  opposite to  tha t  postulated 

by Sctumhag'a (see Figure 2.4) cosine powered relationship.  

Overspecular (8 c 0) and backscatter (8. z f) r e s u l t s  can not 3 3 

be reproduced i n  the Scbmberg o r  the Maxwell model. Such r e s u l t s  are.  

houevcr, eas i ly  incurporated in to  the generalized model. For example, 

backsut te r ing  r e s u l t s  could k approximated by a l inear  re la t ion  by 

a l l w i n g  P to u k e  on values between 1 and 2. Overspecular r e s u l t s  and 
J 

over-backsutter (0 >n  - 8) could be approrba ted  by 2nd o r  3rd degree 
J 

polywmfals o r  by discontinuous l inear  relacions.  These regions a r e  

indicated i n  Pigure 2.9 with examples of  the possible angular relationships.  

tfon o f  Force I l u s u r e r n t s  I . . 

Force l u s u r w n r s  u& on f l a t  surfaces a t  angles of a t tack  to  a 
I 

m l e c u l r  beam u n  yield consI&rable i n f o r u t i o n  on the gas-surfacs in te r -  
iJ 

Figure 2.8. Comparison of experimenul &u17 with the f i r s t  

!I a p p r o x h t i o n  to  an angle-of-reflection In, of the 

ac t ion  and the r e s u l t s  a re  p a r t i c u l r l y  su i ted  for analysis i n  terms of generalized model. 

I Y 
P 



Perfect Backscatter 

8 (degrees) 

Figure 2.9. The f u l l  range of p a s i b l e  angle-of-reflection 
law. l n  the geluralized model. 

the generalized model. Since the force  on the  surf.Ce doc W th 4- I I 
ment can be obtained from measured beam velocity and intenmity, the fefu 1 1 
due to  t!te re f lec t ion  of molecules can be d i r e c t l y  obtained. Therefore. I I 
the magnitude and d i rec t ion  of the re f lec t ion  force can be d e t e t r i d  to I 1 
yield information on the e 3 vs 0 re la t ionship  and a l s o  the value of 

I n  order t o  properly analyze force measurements i n  t h i s  ~ n a e r ,  borrvcr. 1 1  
it is necessary t o  kww the number of beam compnenta which d t e  up th I I 
re f lec t ion .  Experiments s e t  up t o  measure forcea a r e  not uaurlly s e t  up 

to  measure the d is t r ibut ion  of in tens i ty  which could reveal the n c n k t  of 

beam components. I n  the  absence of such informstion, s p e c h l  musuring I I 
techniques can be employed t o  obtain the  desired information from the force 

measurements. Por example, the technique employed by Borira and Eumphrim 
18 I I 

w obtain re f lec ted  force i n  the d i rec t ions  wrmsl  and Ungenti.1 t o  the 1 1 
surfsce can be extended t o  obtain measured values of the re f lec ted  force 

a t  angles between those two limits.  The r e s u l t s  would reveal the b b a l  1 1  
maxims of the beam components and thereby y ie ld  information on the 0, - 
relationship and tbe quant i t ies  a A*.. 3 I 

2.4. Sinnificance of the Pro~osed  Model 

The generalized gas-surface in te rac t ion  model developed i n  t h i s  

chapeer was shown t o  be ~ d u c i b l e  t o  three currently accepted 8.m-nulf.ce 

in te rac t ion  models. In  addit ion,  the  generalized model is found t o  be 

applicable to  approximating a wide range of possible gas-surface in te rac t ion  

by including the p o s s i b i l i t i e s  of over-specular and b a c k s u t t e r  re f lec t ion .  



Tlxs genera l i zed  model i s  found t o  a l s o  be use fu l  i n  the  i n t e r p r e t a t i o n  of 

l i iboratory experiment r e s u l t s ,  a s  i l l u s t r a t e d  i n  Figure 2.8, i n  order  t o  

i n d i c a t e  t r ends  and s i m i l a r i t i e s  i n  l abora to ry  d a t a .  

The genera l i zed  moeel described i n  t h i s  chapter  has incorporated 

I )  the e f f e c t  o f  the  ang le  of incidence on the angle o f  r e f l e c t i o n  and 

2 )  the e f f e c t  o f  the inc iden t  v e l o c i t y  on the r e f l e c t e d  ve loc i ty .  These 

a r e  iindoubtedly the  major f a c t o r s  inf luencing the gas-surface i n t e r a c t i o n .  

Addit ional  f a c t o r s ,  however, can r e a d i l y  be incorporated i n t o  the  gen- 

e r a l i z e d  model. For example, the v e l o c i t y  o f  r e I l e c t i o n  could be considered 

t o  be 5 funct ion of the ang le  of incidence a s  w e l l  a s  a  funczion o f  the 

inc iden t  v e l o c i t y .  This  e f f e c t  i s ,  i n  f a c t ,  incorporated i n  the r e s u l t s  

obrsinet! In the r educ t ion  o f  the  genera l i zed  model t o  the Nocil la  model. 

The ge re ra l i eed  model could a l s o  be extended t o  include the p o s s i b i l i t y  

tha t  c  and cu a r e  both func t ions  of U and 8. Although ref inement? such a ?  
J 3 

these w i l l  not  be included i n  the  a p p l i c a t i o n  o f  the general ized model i n  

the work which fo:lows, they nay be incorporated whenever k i r r e n t e d .  

The genera l i zed  model employs th ree  parameters aj. aj, and P. 

fo r  each beam of the r e f l e c t i o n .  The two parameters o, and u .  determine 

the magnitude o f  the fo rce  due t o  the r e f l e c t i o n  and the parameter P .  

dcccmiines the d i r e c t i o n  o f  t h a t  fo rce .  When using the genera l i zed  model, 
- 

a s  w i l l  be seen in  the fol lowing chapters:  the quan t i ty  0.J1-a. can be con- 
3 3  

sxdcred a s  a s i n g l e  parameter i n  place o f  both 5 .  and cu.. That i s ,  spec i -  
- 1 I 

Eicat ion of the two q u a n t i t i e s  c .J la  and P .  a r e  s u f f i c i e n t  f a r  determin- 
3 J  1 

i n $  the  fo rce  and torque a c t i n g  on a  convex body in  a f r e e  molecular f low. 

I n  the a n a l y s i s  o f  subsequent chap te r s ,  the general ized model 

w i l l  be empl~yed  i n  the development o f  ?quat ic?* wr 1.c1 e 

dynamzc propertzes  o f  bodzes i n  a f r e e  molecular flaw 
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- n .  T h e r e f o r e ,  usin8 Equarlc- 3 7 ,  the  .i-it w r s a  c i n  ,x c brr r r d  

..- -. - -  - -m - 
D.n - i t _  - .%Xi n - I- - 1 t b  

S U S B K I T J ~ I P ~  E ~ u ~ ~ ~ o P s  j : 8 ,  3 . 1 d * ' - -  F q ~ a  10- 1 the 

r r c r o r  force on  an  ~loaer: ,? nu;Esce c: r rpi*rr.*a b Jb ' q i r  ,i n 1 4 ~  

rross-secti,?~ about  the  spi. st:e br.saa 



LS 

I l l u s r r a c ~  c b  a p p l l u r h  of Eqmcio. 3.19. r e r l u  vili ba .lulyzad lo  

.l t& r ~ l l o v i ~ g  c b p w  tor a p c i l i c  -1- of g+lurali+.d pa-amram totmr- I 
f action p r u r e r s .  I - 

tor ch* (I&,  c7lW.r .  cor. a d  .pa.. 1L. m coordimre s ~ a c w  uhlch 

ara rhm u lor rQ c a n  mro &lW as  Io1h.n. 

C e w l l r  Cirsc a cmrdlru I~.CI (X.JJ) uki& i s  atmcbed to ehc 

Ira. srr*arn w l m ~ t ~  woe-. <. & p s i c L r  y -is will s i u y s  be defined 

to b in etu poaic~- JI d i r ~ a ~ r .  ~ o v l ~ r  r-ou a body b r i ~  a apia wc-r 

ij. kt s a r d l r u  mKr i.,.y,.x,) L. i o  rb. r s  ub i s  

aIw(.* L. d l m e ~ r  .I IL. WL. m u  5. ? r r r l . e e .  c o a s i k  t8u r, 

am&. * u  b LIIIL.II~ L r l W  r -1. a. rlb re*-= to Lb. r axis of 

r h  s.y , *  gw*dLrU. wuu c d  la 6 x - t  11- Alu  coaside~ Cba xs axla 

m k lmItLa11~ ulllrnr r.Q KL. . .mi.. 1L c a r d l r w  s p r m  r re  .baa 

r 
Ln VLaur. I-k.  . 



L i d  i n  i ~ c i . 1  e p e e .  cbe <..y.z) 8 y s u  is an imertL.1 wars .Id Lbc 

tw c a r d i m u  a y r w  a r e  a W L r  t o  rbow AicL be *ex UP for 

c l a r l r a l  to) p r ~ b l r . ' ~  lbe a.+ for .IbM < r o u t e s  La i 0 a t L . l  a p e +  

(much aa  f o r  a lm o r b i t )  1. uLu*o inco c o u i d e c e c i w  i n  a l a t e r  chp-  

tm by r e f m r r i g  Ch. r e s a l t a  o b u h e d  maims dam coordinated 8yacau  

6 f i l l . d  ebore.by a c o o r d i a u  t r a n s f o r r c i o q  w a c n n  L a u t i a l  reference. 

ib. -c of Ma La th y dlrrctLoa w i l l  be re fe r red  w a s  

t i  drag d r  rrLile c h  a ul t -u of force  u i l l  be r e d  

a d  ( I t f ~ ) ~ .  In urr o f  rL aop...u o f  force oo an e l a o t  of 

I 
d - r<lirt), i + d(&w) J + d(llfc);  t 3.22 

I *a i , j , k  . re r ~ .  mi-rota a- th p a i r 1 . c  a,,.= .xu.  ~h di f -  

C.rmrlal n o r a r i a  U ud u &mole mm force om cbe el-t of 

Zh. w c r a  l. rrU.. L.v -ta rhc Zs.Ya. 

I, a x 1 ~ .  c q . r s c  o i  urqn r e  & a. ax . Ls rmud sh-cbra i I 
, wrqug, la. Ilw a a  9.1 y, , I  a r e  p.+icuL.r w Cbe 

a? 9 a n l  J 1, l & ~ ? , * l  J, - 4(X, ) h* 5.23  
s 

uher. L,.\a.k, e r e  I.. r a t  r a u r l  rL-g LL. p m . t l * t  s, y,.x, a a l s  

TL. arrk.. 81-8 - a1  LL. 1. 8? ~ l o c  & l l r d  '17 c b  

redhum V ~ P I C ~  i; I..I, IL. WI*C * C  .n. W~LUI. 01 .L= - * .  
I t .  LL. 

U 

aubaequent developenc,  cy l indr ica l  coordilumr about the ;, a z i a  are a- 

u, the  projection of s onto the x.-~, plane (a- F m r e  3.4). 

2.2.2. S ~ i n u i n n  Disk a t  Anplea of A t u c k  

A diak spioning a b u t  the surfdce mrvl  f a  l o  cha clan. of  body 

ahapes for which Kqwtion 3.19 is valid.  bnmider a :ircular dimk o f  flCLua 

rd with 8pi.a vector I? 110-1 co Ch surface a t  che c a t e r  of the dlak. CU- 

ure 3.5 a h w r  the d i r k  vicb the centers of the c m r d i m c e  a y a t u .  dof imd 

' above. a c  the center o f  the disk.  Zbe f o l l w i r ~  veccora a r e  r e q u t r d  to 

f ind the force and torque caponenca ec t l -  on cb. dlak.  R e f e r r l q  co ?ip 

urea 3.3, 3.4, and 3.5 

I 
n - a k a  

ii - r m s  5 ra + r s in  { ja 

I 2 * k* 

l *re r La the J ~ s u n c e  lroo tho center o f  tho disk to tk. aurfac* e 1 . m ~  

I db *re l a  a i ren  b, 

d* - r d r y  3.u 

I Zlu aw10 @ u * c  nor k *.uralud fvr use l a  C e l m  b w t l m  ].SO 
1 

a.* SJ clv-m by Cqumtba 1 21. S t m e  

I - r m - l e i a e  - 
r . n  

I 
I 



Figure 3.5. Spinning disk at angle of attack. 



U- s i n  8 - sin-1 r(t + 2112 - 2% r n  :s g coa 41 

Wfbe  son-dimnsioml quantity,  Kd, a s  t h e  r a t i o  of the peripheral  speed 

ef th disk  t o  the f r e e  stream velocity,  Urn. That i s ,  l e t  

*re rd i a  the radius of the disk.  Define, a l s o ,  r non-diwnsiolul variable 

r' a s  the r a t i o  of  t h e  variable r to  rd. That is, l e t  

r '  - L 3.30 
'd 

U d q  Equations 3.29 and 2.30 i n  Equation 3.28. 8 becomes 

s i n  8. 
8 9 sin-I  ] 3.31 

Sllbsti tuting Bquationa 3.24. 3.25, and 3.30 i n t o  Equation 3.19 for & and 

aLisg c o l p o e n t s  a l o r ~  the  xx.,z ax is ,  the  following r e s u l t s  a r e  obtained 

d(drag) - Dd d r '  d$ [r1(1-cj) - Kd(r'12 cos Ba cos f (1-Cj) 

+ r '  sin2 (Cj + sj)]  

d( l i f tz )  = Dd d r '  dS [ - ~ ~ ( r ' ) ~  cob g s i n  8, (1-Cj) 

- r '  s i n  8, cos 8, (cj + sj)] 3.33 

D~ - p.~: s i n  e, rd 2 

-5 

I I1 Cj - OjJ1*j coa A 

( i i  s, - .fi 2 
1 ;1 

and *re 8 i s  defined by Equation 3.31 

Similarly. the  components of  wrque a r e  obtained, given by 

1 3  d(Ti ) - Dd rd d r '  d$ [-(r'12 s i n  g aim 8, ( 1 s  )] 
s j 

3.35 
I 

d(r j  ) = Dd rd d r '  d$ [(r')' cos g coa Be (l+S,)] . . 3.36 11 s 

d ( 5  - Dd rd d r '  dg ~ ( r ' ) ~  con g cos 8, ( l - ~ ~ ) - ~ ~ ( r ' ) ~ ( l - C , ) ]  3.37 
s 

" &re Dd. C,. S,. and 8 a r e  a6 defined above. 
I 

Equatiow 3.31 through 3.37 a r e  t h e  h s i c  equations expresalng tbe 
' I 

force and torque on a spinning o r  wn-spinoing disk.  I n  chapter 4, tbeme 

i equations w i l l  be evaluated for  spec i f ic  cases of the gas-surface in te rac t ion  

wdel. 

3.2.3. Spinninn Cylinder a t  Angles of Attack 

The or ien ta t ion  of  the spinning cylindsr v i t t  respect to the x J.Z 

and xs.ys.zs coordinete systems is shown i n  FQure  3.6. The 91-r of  

length L is spinning about the a x i s  of tke  cylinder. Ihe center of ebc 

J coordinate system is placed a t  the  geometric center of the cylinder. llbe 



F e u r e  3.6. Spinniug cyllnder a t  angle of a t tack .  

f o l l w i n g  vectors a r e  defined 

- U_ cos 9,j, - Urn s i n  Bs ks 

ii - ms 
3,s 

t - r cos 5 i + rcy s i n  5 j, + LL, 
CY - 

n - coa 5 is + s i n  5 Je 

uhere rq i s  the radius of the cylinder and L i a  the var iab le  of  in- i 
t ion along the a x i s  of  the y l f n d e r .  The e l m e a t  of  aurfacc d4 is giweo 

sy - r d; dL 3.39 
CY 

From Bqwtiona 3.38, the angle 9 i e  found eo be 

-coo 0. s i n  5 
0 - sinm1 3-40 

(14%:~ - Pq eos 5 co. 
I 

uherc th non-dLcnsLolul spin-rate parameter Kq is defined a s  

cy Urn 

Ibe vatinble of in tegra t ion  L nppnrr only i n  Equation 3.39 nbou. 

e q w t i o l u  f o r  rhc cylinder can then l e d - t e l y  k integrated uith 

respec: t o  Z from - 4 to + 4. The variable 5 still r e r i n a ,  buewer. 

Letting I 

Dcy 
puW2 ry L cos 8,. 

Ihe resu l t ing  h a i s  equations for  chc cylinder a r e  fwd  to be 

mi /  



d(d ry )  - Dcy dS[-ain 5 (1-C ) + Kcy c* 9, ain cos ; (1-Cj) 

- coa2ea sin3; (c, + sj)]  3.42 

d ~ l i f t ) .  - D~~ d~ [Key s in  9, coa c s in  c (1-c ) 
j 

- coa 9, .in 9, ain3S (C, + 5,)) 

d ( ~ i f t ) ~  - D~~ dp pCy .in2! ~ 1 - c ~ )  

- coa 0, coa 3 sin2< (c, + s,)] 

d ( ~ ~ ~ )  - D,~.  rc, d~ Lain ain23 (I-c,)! 

dmj  ) - D~~ rcy dr~ [mire ga coa 5 #in g ( I  - 
a c21  

d ( ~ 1 , ~ )  - D~~ Icy d t  bCy 'in s (1  - c,) 

+ coa 9, con ; ain c (1-c,)] 

winre C and S a r e  am defined previously. 
j j 

The aurface of the cylinder axpuaed to  the flow i s  from C - n to  

Zn a t  a11 8npl.s of a t tack except 9, - 9 and - f where none of the aurface 

is in  the flow. Quationa 3.42 - 3.4'1 era the beaic expreaaiona for force 

a d  torque on a spinning o r  non-spinninp cylinder. Theae equetiona w i l l  be 

81mllut.d in c h p t a r  4 for apecific cases of the reflection mdel .  

3. .4. S 

A cone having half sale 6 ,  heipht Hc, and h a 8  radiua re,  is 

abuu oriented i n  the x,y,t  and xn,y;,t,, coordinate ayatema in  Figure 3.7. 

Ib. center of the coordinate syatem i s  a t  the center of the bale of the 
, 

F m r e  3.7. Spinning cone a t  m ~ \ ~ l e  of e t u c k .  



- 
con* The cone i a  *pinning r w u t  t h e  a x i s  O C  the cone. Tho f o l l o w i n $  VaC- 

tars err  def tnod 

3- a U* cuu B* jB - Grn a h  ns kg 

e 

n - kB 
ii c ( a )  cos 5 i,+ I ( & )  sin f j, aka 

* coa r; r o e  6 i q  + a i n  C cos 8 j9 + s i n  6 kg 3 . 4 8  

I vhoie A is the v a r ~ a b l e  of i n t e g r a t i o n  slonp t ha  a x i s  of  rhe cons and E(h) 

k s  tha radia l  d i ~ t r n c e  of the surface dA from the ax in  of the con*. I"ha 

d i r t anch  PC&) i a  y i v s n  by 

Xhu ola;menL of surface dA i s  g i v e n  by 

dA - 3 d t  d.4 

The snpla 0 i s  found, i ~ e i n g  Eguia tlon 3.48,  t o  be given bv 

vhara Re is tho "on-dimensional s p i n  r a t e  piarrmctar d e f i n e d  a s  1 

r l i d  1' Is a, non-dimensional -:p'iehlv dc ( . incd  a 8  i 

'he basic equat ion8 f o r  the ccns bacvme 

d(drag)  - Dc dp d ~ '  [ - l l x ( l  - C ) + , s ~ ~ i d ' ) '  cos t ru  i 

-x' 1 '  ( a i n  6 ros B 

+ s i n  5 cos b s i q  B , ) ( r g  " "ij_ 3.51 

slltrt)x - nc 6% d e l  ~ X K ~  ( 1 0 2  qin B (1 - 1 1" 

-x2 coa c cos & & '  ( c ,  +ai"; 3 -52 

d(-rI ) - ~~r~ as  d l '  [ ~ ( t ' ) ~  #in 6. e ; i i i  B (1-6 \ 

5 -  
J 

+ xi,' (1-1') co t  t! cos : WJ' 

- Xgc (1')' ( i - g  ) :et cur: t i i  c > 

+ X 2 / - ( ~ ' ) 2  sin b sin c 

+ ~ ' ( 1 - 8 ' )  c o t  9 ainc COR 6 : ( C 4  .+ S t )  i 3.53 
4 

d(Tj ) - Dc" dc dL' [-XK= I Q ' ) ~ ( ~ - ~ ~ I  c a t  6 . i n  5 :1-2,) 
41 

2 .  
-x (P ' )  s i n  $ti c o a  r; j j - C 1 )  

2 
- x k ' ( l  - 8 ' )  c:,r: 1 cob $ c a r  6 (i:, * S i , 

?. SA 



d(rk % q r c  de; d l '  [ (XK~ ( 8 9  - x ~ . o ' ) ~  coa es cos C) (l-cj)] 3.55 
8 

*re 

x " cos .$ s in  g cos 6 - s in  Bs s in  6 3.56 

The surface of the cone exposed to the flow i e  a function of the 

a q l e s  Be and 6 .  A t  Bg - $, for example, the ent i re  conLcal surface i s  ex- 

paaed t o  th@ flow (5 * 0 - 2n). In  f ac t ,  for a l l  values of Is between 2 and 

- 6 ,  thc ant i re  conical surface i s  exposed t o  the Clow. An angles of B8 
3 

batweto (- $ + 8). decreasing amunts of the conical surtace i s  exposed to  

Eha flow. The rhadow boundary for the flow on the surface i s  always a 

s t r a a h t  l ine  end can be found in  terms of the variable,  g, by finding where - - 
O-n n 0. k f i n e  the engle, $, to be the. value of $ a t  the shadow boundary. 

M. 

$ - sin-' ( tan tan 6) 3.57 

Equation 3.57, the following three categories of surfece exposure are 

defined. 

Clrse I: tan es tan 6 1 

Entire conical surface ($ - 0 - 2n) i s  exposed to the 

flow. 

Case 11: -1 _< tan tan 6 _< 1 

' Only part  of the conical surfece - 

5 = (n - 8) - (2n + 8) 

i s  exposed to the flow. 

case III: fan es tan 6 _< - 1 

411 

No pact of the contcel surface is ewpowd to tha P h .  

(Tbe base of the cone having not been included i n  tka 

besic equations for the cone). 

3.2.5. Sninninp, Sphere a t  Angles of Attack 

and xs,y,,za coordinate systema in Ptgure 3.8. The spin axin is along 6 

diaaeter of the sphere a t  an engle (=-@ ) with respect to  the f ree  streem 
2 e 

velocity. Cylindrical coordinates are  used to  describe the p a i t i o n  of chp 

surface elnment dA. With 8 denotjng the variirble length along the spin axis.  

d4 is given by 

rs de d l  

The following vectors are  defimd - 
Z m a  U- COB es jp - u., s in  es ks 

-. n - n k I I  

& r f l )  COB I is + r(4) ain sja + a, 3.58 

Z - cos O; ia + s in  5 ja + 5 ka 
5 s n 

&ere r(2) i s  Lne radia l  distance f r w  the spin axis  a t  the point L t o  thc 

e l e a t  of surface dA 

r t a )  = (=: - E? 
The angle e is obtained from Equations 3.58 aa 

e '  s i b  - L* s in  5 C05 es 
s in  B = 

(I+B~' xs2 - xs as cos 5 cos es)k 



Figure 3.8. Spinning sphere a t  angle of attack. 

where Ks i a  the non-dimcnallul apfn-rate paramter d . f M  a r  

r n 
Ka - -L 

U, 

and I '  i s  a n o n - d i m e n s l ~ l  variable of integration defined r 

and 

Letting 

2 2 
Ds - P u- r s  

Be baaic equation for the sphere becomes 

dcdrag) - Ds db dL' [xS (-1 + Ks As c o a , ~  coa 8 )(I-c ) 
S J  

- xS3 (cj+sj)l 3.61 

d( l i f tz)  - Da dS d l '  [XskSfis cos 5 s in  9. (1-Cj) 

X: (A' cos 9, + la ain 5 cos e l )  (C +s )] 3.62 
J J  

d(1ift.J - Ds db d l '  C-X, ks l, sin  g (1-Cj) 

d(Ti ) - Ds rs dg d l '  [Is s in  8. s in  5 
a 

- K~ l'lS cos 5 + 1' cos el] xS (I-c ) 3.64 
J 



d ( ~ ,  ) - D~ rs d t  d l '  [-L; s i n  es cos - K~ L ' L ~  s i n  tj xa (I-c,) 3.65 
s I 

d ( s  ) - rs d~ d l 1  P~ L~~ - I, cos ; cos esj xs (1-c,) 3.66 I 
a 

uhare 

X, - As cos e, s i n  5 - I' s i n  Bs 

The ahadow l i n e  of the flow on the surface of the sphere i s  a 

curve i n  the L' - < plane. A t  a constant L', t h e  shadow l i m i t s  i n  terms of 

r 
I 

t 5 can be found by finding where 8.2 - 4. Define the angle ps to  be the value I 
L 

of 5 s t  the s b d w  boundary. Then. B8 ' is given by I 
I B~ - sin-' (tan e dl 

I s  I 
I For a r b i t r a r y  values of Bs, the shadow determines three regions of exposure I 
r along the apin axis.  Referring to Figure 3.9 

~ e g i o n  I: tan 9 2 1 

r 5s 

L I n  t h i s  region the  surface from 5 - 0 to  5 = 2n i s  exposed to  the 

flow 

Begion 11: -1 .tan + _< 1 

I n  t h i s  region the shadow l i m i t s  a r e ,  a t  any point,  A',  from 

t - n - p..to < - 2 n 4  8,. 

Region 111: tan L s  -1 

This region of  the sphere l i s  not exposed t o  the flow. 

~egioh I 1 
* 
UOD , 

Region I1 

Region III ~ 
I 

Figure 3.9. Regions of sphere surface exposed t o  the fla. 



3.3. A D D ~ ~ c ~ ~ ~ o w  

Ibc equations which have been obtained for the four besic shapes 

of the disk. cylinder, cone, and sphere are  applicable to  a wide variety of 

problems. In the next chapters these equations w i l l  be used to evaluate the 

ef fec ts  of spin r a t e  and the gas surface interaction on the dynamic pro- 

per t ies  of these shape. i n  f ree  molecular flow. The application of the 

quation. to other problems i s  discussed a s  follows. 

Uany ~ t e l l i t e  shapes can be simulated by a combination of the 

four b s i c  shapes of the disk, cylinder, cone, and sphere. I f  the s a t e l l i t e  

is of convex shape, the basic equations developed in th is  chapter can be 

applied d i rec t ly .  Since the equations ere  i n  d i f ferent ia l  form, they a r e  

equally app l iub t e  t o  bodies composed of segments of the sphere (such a s  

a p b c r i u l  caps), cone frustrums and segments of the cylinder and disk. 

Surface properties af fec t  the character of the gas-surface inter- 

action. Uany ~ t e l l i t e s  are  composed 05 surfaces which have widely differing 

surface properties such a s  solar ce l l s  versus painted surfaces and varying 

surface temperature o r  roughness. Problems cf th is  type can be studied 

using the equations developed in  t h i s  chapter by assigning different values 

to the parameters of the gas-surface interaction model for s specific region 

of the surface. 

In th ie  chapter aecodynadc propertier of selected sbpoa are 

31 evaluated f r m  the expressions developed in chapter 3. For the a p c L 1  u s e  

of the bexwell model, resul ts  are  obtained to i l l u s t r a t e  the effect. of  sp%.a 

n on the aerodynamic properties of the four basic shapes of disk, cy l i de r .  

n cone, and sphere. Analytical resul ts  are a lso  obtained in teru of tbe 

generalized model parameters for drag of the b u r  body shapes with zero sp%.a. 

il In general, the aerodynrmic properties must be evaluated by wlag 

numerical methods. The numnnorical techniques employed in th is  study a r e  out- n lined in th is  chapter and result$ obzained for various valuer of the gca- 

era l i tcd  model parameters are  presented. These reaui t r  a r e  compared with 3 t b s e  obtained for  the special u s e  02 the bexwell model. 

In the next chapter, the resul ts  obtained for the cone a d  disk 

a r e  applied to the problem of a s a t e l l i t e  i n  near ear th  orbi t .  

II 
i,l 

6.1. Soecial Care of the Maxwe:l Model 

The reduction of the generalized gaa-surface :nteraction w&l 

p a r a a t e r s  to the parameters of the Maxwell w d e l  was dewnstrated i n  

section 2.3.1. Those resul ts  can be applied w determining in t e w  of 

the bexvell wde l  parameters che quantit ies C and S, which appear i n  the 
1 

a 
basic aerodynamic equations developed in chapter 3. For specular reflcc- 

t ion. 
cos e 

CJ - 0, j i .T  & = l..- ad  







I 
I 
I .  

4.7 for the Maxwell model into Equation 3 .U tbroo(lh 3.47 for  ch cy1U.D 

These equations are  then integrated over the surface area exponed to (b f 

I - 2 s in  8. (-2 s in  Bs cos 0. + 2 ud s in  Bs cos Bs cient of drag, l i f t ,  and torque for che spinniw cylinder a t  8 

5. 
K * are  found to be 

1 
- u& cos e, + (1 + sin2 Bs)13 

cD - COB es [$ ms2  es + ad (314 - co? em) 

5, - O 
4 10 

I - 0  4.11 

=la - 1 - - (087 Kd s in  as cos es)!2 4.12 

-4 t - - ud Sd s in  en 4.13 

L 
[- ; Ud + 4 Ud q cos en] 

A spinning disk  i s  found to have drag and (lift). coefficients 

I W c h  are  higher than a dfsk with zero spin ra te .  This increase i n  drag i s  

t to  ICd2 which would be emoil for  s a t e l l i t e s .  

Bcsides the expected slowdown torque, a spin induced precession 

torque about the yyl-axis is obtained which i s  d i rec t ly  ~ r o ~ o r t i o n e d  to Kd. 

T h  precession torque ariaee because diffusely reflzcted modules are re- 

flected a t  a velocity re la t ive  to the surface which i s  higher on one half 

of the disk when the dink has angles of a t tack ocher than f and zero. 
spin r a t e  on drag, l i f t  and slowdown torque a s  chose of  the d b k .  Unli 

I 

the spinning disk, the spinning cylinder experiences a spin induced l i f t  

The coefficients of drag, I l f t  and torque for  the spinning 



E llte f i n i t e  value of torque perpendicular to the spin axis  obtained 

i n  6quation 6.17 i s  due ent i re ly  to  geometry and i s  not spin induced a s  was 

fomd for the disk. The center of the surface area exposed to the flow i s  1 

well mde l  into Equations 3.30 through 3.56 for  the cone. These equations 

u n  be integrated i n  general form by incorporating the angle g and integrat- I 
t ing over the surface area exposed to  the flow with respect to A' from 0 to 1 

and S from (77 - 8) to (277 + 8). Letting b = n re2 and ; = r c  the coefficient 

t- of drag, l i f t ,  and torque for the spinning cone a t  angles of attack are  found I 

I 

to a wirilsr effec t  called the Magnus force which occurs on spinning cyl- 

i&bdar6 la continuous flow (see Reference 21). In  f ree  molecular flow, the 

laN-1 force is  found, however, to  be i n  the direction opposite tha t  of 

the analogous Nagnus force. 
% 

not a t  the geometric center of the cylinder but i s  a function of the angle 

1 of attack. I f  end contributions were included in  the development of equa- 

The coefficients of drag, l i f t .  and torque for the spinning cone 

a t  awlea  of a t tack a r e  obtained by substituting Zquations 4.7 for the Hax- 

t 

cD = R~ + ad [t cos ss cot 6 cos B + 9 s in  es - R~ 

- 2 

+ a#-aT LR3 + 7 (R3 - R8 cos- eS) j  i- I 

CL = - ( I  - ad) (2R3 s in  6 con 9. + 2Rl cot 6 nin 0.) 
7, 

+ as/- b4 w n  0. + P5 cot 6 s in  O w  

K 
+ (B6 COI es + R5 COW 6 s in  

6 

- con2 e , ( f  + R,))] 6.21 

- -Kc $ [ad (COB \ cot 6 *20isin2% $ s in  0. c- 6) 
b - 
+ 2 a d 5  f cos cot 6 6.22 

= 1-3 sinZ6 

3 sin26 

+ ad $ [: sin2 es con g - con 0. s in  8. cot 6 s in  26 

- cot2 6 cos2 coa @ - 2R1 1 
sin26 ' 

. K 2  

+ + R 5  - ws2  5 B.,) (-33 6.23 
5 s in  d 

Kc c - - [wd(wt2 6 EOS @a RC202i aia2B + $ cot 6 win em W. 8) 
Tjs 

6.21 
sin2 6 

r, - - Kc Od (? cos Bs cot 6 cos 8 + * s in  8.) 

The functions PI, R2, ---- R8 used i n  Equations 6.20 rhrou* 4.25 1 



a re  defiacd a8 folloua. 

It1 - - L 3n cos2 cos2 6 cos B (sin2 8 + 2) 

- sin2 eS sin2 6 cos B 

- gin cos Bs s in  6 cos 6 *2B Sy2@ 
,' -\ 

R2 - & cos3 8. cos2 6 cot 6 cos B (sin2 B + 2 )  

+ 2 sin3 os sin2 6 

+ 3 s in  8. COsZ 8. cos2. 6 IfC2' 

+ $ sin2 ea cos s in  6 cos 8 cos p 

R3 - cos2 cos 6 cot 6 - sin2R 
2n 

+ s in  coe BS cos 6 cos 0 

+ sin2 es s in  6 

R,, - - $ COB % 00s 6 cos B - s in  9. s i n  8 

R6 - COB e cos 6 2rrc4B - + s in  eS s in  6 cos3 B 16n 

5 - - COS 8. 6 00s3 1 - s in  8, s in  6 *202: 

Rg = cos2 8. cot 6 cos 6 2rrc401&sin '@ 

+ & s in  8 cos e cos 6 cos3 B 
s s 

+ sin2 es s in  6 fi2' + 

2n 

In Equations 4.20 through 4.25, the value of the angle B d e w  

upon the angles es and 6 in accordance with the three cases of surface a- 

posure defined i n  the l a s t  chapter for the cone. Uaing those d e f i n i t L ~  

the following ranges of p are defined. 

Case I: tan gs ten 6 2 1 

B = =  
2 

Case 11: -1 5 tan Bs tan 6 < 1 

- sin-' (tan es tan 6 )  

Case 111: tan tan 6 < - 1 

@ , - a  
2 

I 
For case 111, the coefficients of drag, l i f t ,  and torque a l l  become zero 

. . 
because the conical surface i s  shaded from the flow. 

I - .  
The cone equations are  found to  be similar in form to  thoae ob- 

tained for  the cylinder and disk. As in the case of the spinning cylinder. 

a spin induced la tera l  force i s  experienced by the spinning cone a t  anglea 

of artack. The spin induced l a t e r a l  force i s  found to be d i rec t ly  propor- 

t ional t o  the spin r a t e  parameter Kc. 2. 

The cone i s  found to a lso  experience a spin induced torque. per- 

pendicular to  the spin-axis, about the ys axis  of the cone. The component 

of torque about the x axis  i s  not spin induced but i s  instead due to  the 

moment of the drag and ( l i f t ) z  forces about the center of the ppordilute 

systems. 

a 
4.1.4. Svinnina Svheee Rover t ies  i n  Terms of the -&ell Model Rr . a t e r8  

The sphere equations given in the l a s t  chQter must in gen6r.l be 

&, w 



avalcutad by &t ica l  techniques b r  a l l  u s e s  of the gas-surface inter- 

action d e l .  Tbe equations given i n  c peer 3 f r e  particularly useful 

4 8  uh.n applied to shapes such a s  sp i  ng aphe r iL l  caps, and hmispherw. 

For the special case of a c ~ l e t e  sphere, analytical s o l u t i o n s ~ r  the 

torque components a r e  given i n  Reference 9. The resul ts  of Reference 9. 
. Y 

w i l l  be given here and are  the same a s  wu ld  be obtained by numerically 

wlviag Equations 3.61 through 3.66. 

Lr t t iag  - n rs2 and - rs, the coefficients o; torque on the 

aphcre are  a s  obtained i n  Reference 9,  

- (K. ad s in  as w s  es)/2 

'Ih, coefficient of drag for a non-spinning sphere, in terms of the Max- 

wll mde l  parameterm, can be obtained analytically from the equations 

Siven i n  chapter 3. l e t t i n g  a - n r:, 

The coefficients of drag and l i f t  for the spinning sphere must be obtained 

by numerical integration technique# and are thereiore no t  available in 

6.2. Salutions Ln Terms of the Generalized Model Parameters 

4.2.1. Analvtical Results (Zero Ss inl  

78 

For the special case of zero spin r a t e ,  the eqcutiona of cL.- 3 

I d  can be integrated i n  closed form for  certain u s e s  af angle of at-&. 

I J 
These resul ts  are  given i n  the following sections. 

4.2.1.1. Dran and L i f t  of Fla t  Plate ac h ~ l e s  of Attack 

The angle 0 for the disk (Equation 3.31) becomes 0. for  the a # e  

when Kd - 0 .  Therefore, I 

and - s in  pi + (1-P,) 0 3  

sf - afl-cuj s in  es I 
which are independent of r '  and 5.  I 

Substituting Equations 4.31 and 4.32 into Equations 3.32 through 

3.37 f ~ r  the disk with Kd - 0, the following resul ts  are  obtained a f t e r  I I  
integration over t' from 0 to 1 and 5 from 0 tn 2n. Letting h - n rd2 

C~ = 2 s in  es - 2 a ~ i F  s in  es cos 
1 5  

"Lz 
- -2 a JC s in  0 s in  [: P, + (z-P,) os] 

I J  s 
' 7  .. 4.35 

i These equations can be shown to  reduce to  Equations 4.8 through 4.13 ob- - mined for the disk i n  terms of the Maxwell model parameters by lett* 
6 

.b Kd * 0 and substitueing the appropriate t e r m  for  a , , u , and P,. Since 

7 the repeated subscripts imply the summstion over the J beam coopoa+nts. I 





obtain resul ts  of suitable accuracy which in turn $ dependent upon tb. cor 

1 / I !  puter being used to perform the computations. The numerical evalwtian of 

the expressions of chapter 3 were mde on a Control Data 1601, corpuwr ria 

! 1 ' I /  1 an on-line video display system fromwhich graphical resul ts  were obtainad. 

The numerical techniques employed are  described in the following. 

I 
4.2.1.4. SDbcre 3rag 

f The drag coefficient of a rmn-spinning sphere can be obtained from 

Equation 3.6.1 by l e t t i ng  Ks - 0 and Bs - q. h e n ,  s in  0 becomes 

[1 s in  9 -if 

the next step i s  to  now change variables of integration so that 

i 
r 

s in  v - I' 

or u - 0  I 4.2.2.1. S.nzle Variable of Intezration 

Results requiring integration over one variable, such aa chow of 

the cylinder, were obtained by using the Gaussian integration formula over 
""m".""q *"" A"" '- 'i'""."..' '"' ", --- -, --- ---" ----'----- - 
Squation 3.61 over 5 from 0 to 2rr and y from 0 to and le t t ing  A - n r:. 

and arbi t rary  interval which i s  given by : 1 L the following r e su l t  i s  obtained 

I where 
&ere for  P - 0 the bracket& term should be zero. As i n  the resubba 

J 
I 

The weights, (ui, an3 abscissans, xi, were obtained from Reference 22, Thc 

twenty point formula, n - 20, was used in a l l  cases. Frcm teat., it  uns 

found that a t  leas t  f i v l  place accuracy was obtained by using thin formula. 

t obtained for the cylinder, Equation 4.41 for the sphere drag i s  valid only 

for values of P between 0 and 2. A value of P of 4 could only occur i f  a 
J 1 

i diacontinuoua linear relationship were chosen fo r  the angle-of-reflection 

l- h u  and in that case the equation obtained would not be the same a s  q u a -  

4.2.2.2. Double Intearation 

Results for the disk and cone require integration over two vari- 
4.2.2. Numerical Methods ! 

than those ziven i n  ~ r e v i o u s  sections. the ex- 
ables.  For these cases, the region of integration was divided into sqwrea 

of equal dimensions, h. ( h i s  i s  possible for the disk and cone since ths 
For cases other - .-- ,- - 

pressions derived i n  chapter 3 for aerodynamic properties contain integrals 

which must be evaluated numerically. In  choosing a numericai technique, 

pr-srrul  s o n s ~ a e r e r ~ o n  muer rrc gaveu rv ~ n s  cvurpu-c~u~  ~ ~ m s  ssyu--rr ru 

region of integration i s  always rectangular.) For each square, a nlne point 

double integration formula was used given by 



From Reference 22, the abscissas (x. ,y ) and veights w are  given a s  
1 i i 

I Tests showed that resul ts  of a t  leas t  5 place accuracy could be 

obtained i n  using t h i s  formula by dividing the region of integration into 

I: about 100 aquares. 

The above double integration formula was not applied to the 1 

C sphere because the region of integration defined by the shadow boundary 

i n  the sphere i s  curved and cannot i n  general be divided accurately into 
i 

1' I 
aquares. Iumerical r e su l t s  for the sphere were not obtained in t h i s  study. 

I 
I 

. I: i 

4.2.2.3. Graohical D i s o t v  of Results 

C In order to  evaluate the expressions given i n  Chapter 3 a t  various 

1 C values of the quanities Pj. 0.. K and, for the cone, 6 ,  a numerical inte- L 

gration must be performed for each csae separately. Graphical resul ts  of 

C the variation in an aerodymmic property a s  a function of these quantit ies 

were obtained by evaluating the equations a t  s i x  or  more separate values of 
r 

1 the quantity of in teres t  and then using a s i x  point Lagrange interpolation 

I I formula to plot the curve. For the u s e  of the cylinder, for example, 288 

I 
- 

separate numerical integrations were evaluated and atoted on m ~ t k  Up 

I wrresponding to s i x  values for each of the qqwntities P and 8, and a t  1 
values of Kcy. Graphs of any of the aerodynamic properties a8 a funcClon 

I , of any of the &tree quantit ies can be generated by obtaining the apprepriate 

I values from stora8e and using the interpolation Eormuls to obtain valwa 

1 along the curve. Graphs are  displayed on a T.V. screen from which pictures 

I may be obtained. Numerical resul ts  are  a lso  obtained. 

I 

4.3. Discussion of Results 

J The analytical solutions obtained in th is  chapter i l l u s t r a t e  h t  

the gas-surface interaction strongly influences the aerodynamic propertlea 

I of both non-spinning and spinning bodies. For non-spinniog bodies. the 

, I 
drag coefficient i s  the principal aerodynamic property of interest.  Fig- 

ures 4.1 through 4.8 are  plots of some of the amly t i ca l  resul ts  obtained 

on drag coefficient a s  a function of the gas surfsce interaction. , 
Figures 4.1 and 4.2 are plots of CDgiven in  Bgutions 4.8 and 

' I  4.33 Eor the f l a t  p la te  versus angle of attack for variou8 values of the 

parameter ad of the Maxwell model and of P of the generalized model re- 

I 1 
spectfully. The parameters u and u were s e t  equal to .5 and o j  - 1. and 

T 1 

1 the spin r a t e  parameter Kd i a  zero. These t w  plots  i l l u s t r a t e  the ef fec t  

of the gas-surface interaction on determining aerodynamic propertien. The 

3 effec t  of backscatter reflections i s  i l lus t ra ted  i n  Figure 4.2 by tha curves 

for values of P between 1 and 2 and i s  seen to increase the drag coefficient 
1 

values a t  a l l  angles of attack. 

1'  i 3 Figures 4.3 and 4.4 are plots of C_ given i n  Equations 4.14 and 
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Figure 4.1.  Drag coefficiert of  a non-spinning disk a t  angles of 
attack varying the Uaxwell model parameter cud. Figure 4.2. Drag coefficient of a non-spinning diak a t  angles of 

attack varying the generalized model parameter P 
j .  
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Figure 4.3.  Drag c o e f f i c i e n t  of a non-spinning cy l inder ,  with a x i s  of  - 
i: cylinder perpendicular to  the flow, a s  a function of the 

Maxwell model parameters. 
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Figure 4.5-  Drag coefficient of a non-spinning cone, with axis of 
the cone parallel  to the flow, as a function of the Figure 4 . 6 .  Drag coefficient of  a non-spinning cone, with axis 
Maxwell model parameters. parallel to the flow, as a function of  t5e generalized 

model parameters. 



Figure 4 . 7 .  Drag c o e f f i c i e n t  o f  a non-spinning sphere a s  a function of 
the Maxwell model parametera. Figure 4 . 8 .  Drag c o e f f i c i e n t  of a non-spinning sphere a s  a function 

o f  the general ized model parameters. 



m 
4.39 for the non-#pinning cylinder (I - 0) with the axis  of the cylinder 

I 
cy 

p*rpendleulr to the flow. Figure 4.3 gives the drag coefficient,  using 

the Maxuell d l .  plotted versus 4 for  various values of ud. Figure 4.4 1: i 8  a plot of C versus u for various values of P which are  the parameters 
D J J 

of the generalked mdel .  For values of P between zero and one, the range 
J 

i n  drag coefficient i s  the some for both models. For values of P greater 
J 

than one, however, the generalized mde l  gives higher values of CD than does 

the Maxwell model. 

Figures 4.5 and 4.6 a r e  plots of Cg given in  Equations 4.20 and t 

6.10 o r  the mn-spinning cone (Kc - 0) with the axis  of the cone parallel  

to the flow. The half angle of the cone for  these plots i f  15'. Figure 

i l: 6.5 gives the drag coefficient versus uT for various values of cud which are 

I 
b the parameters of the Maxwell wde l .  Figure 4.6 i s  a plot,  a l s c  of the 

1 drag coefficient,  veraus u for various values of P which are  the para. 
J j 

I 

C meter. of the generslked model. In  Pigure 4.6, the ef fec t  of backscatter 1 
and over-specular reflections a r e  both i l lus t ra ted .  The curre for P. - -.2 

C #hwa that over-specular reflections give values of CD less  than 2. In  
I 

general, over-spccular reflections decrease the drag coefficient while back- 

f , 
wcatter increases the drag coefficient.  

C Figures 4.7 and 4.8 are plots of CD given in Equations 4.30 and 

- 6.41 for  &e man-spinning sphere. Unlike the previous p lots ,  the two plots 

r of sphere drag weff ic ients  are  very similar for  the two cases of gas-surface 

interaction wdels .  Figure 4.8 i l l u s t r a t e s  again that backscatter causes 

increased values of drag coefficient.  The resul ts  shown sn Figure 4.7 us- 

ing the Maxwell model are  different t h n  resul ts  given by ~ w k ~ ~  which are 1 

similar to  those given i n  Figure 4.7 except that the -itu&s ef clry 

coefficients are  different In the be ploh. for  the same valwa of 4 J 

g. For example, a t  ud - 1 and % - 0. Bcference 23 gives a value of CI 
for the sphere a f  about 2.89. Figure 4.7 (Equation 4.30) givea. brmr. 

a value of 1013 for  CQ of me sphere a t  ad - 1 and uT - 0. Ib. dfffaaw 

betwean the LVO resul ts  is becauue the resul t#  i n  Reference 23 wra ob- 

tained from B e f e r w  15 in  which SCh0lebcr8 obtained the equation of  q toc 
' t h e  Hamell model for a certain choice of parametera i n  h is  mdel.  In 

redwcing the Sehr&e%-g w d e l  to the -11 mae, the distribution of 

velocities proposed by Sehemberg were still retained which, a* dircuamd 

i n  chapter 2, inrroduces a factor of 213 i n  the coefficient of q. 
The ef%cEs of spin  on the aerodynamic propertie.. i# well 

i l lus t ra ted ,  far tk Maxweli model, by the analytical result8 Biven an 

section 0.1 of &is, chapter. In  general, the resul ts  show, for the u a a  

of the U r n e l l  model 

I .  
1. As tke spin r a t e  increases, drag and ( l i f t )% incruae.. 

. . 
I The inc~ease  i s  p r~por t i oae l  co K'. 
8 .. 

I I 

2. A spin Urrduced Lif t  force i u  the l a t e r a l  direction, 

I ( l i f  t)krvccurs for eloagated bodies a t  aagler of a ttaclt. 

I The l a t e r a l  force is di rec t ly  preportiom1 to  the apin 

I r a t e  parameter, K. 

3. Spin induce* torques pek-pendiculu to  the #pin axis  a r e  

experienced by a l l  the shapes a t  mgles of actack, except 

the cylinder. 



4. The slorQsn torqae on a spinning body is d i r e c t l y  

propor t iowl  to K. Also, for  the four s h p s  studied, 

the slovda. torque is d i r e c t l y  proportioeal to ad 

1 and independent of P. 

E l'he e f f e c t s  o f  spin described above were a l s o  found, i n  general, 

lo r  the u s e  of the generalized model. The r e s u l t s  for  the case of the gen- 

a ra l ized  wdel were o b u t n e d  by n l v r i u l l y  evaluating the expressions given 

. i n  c h p t e r  3. 

C l'he n u c r i u l  resu lcs  ahoued tha t  drag and (l if t) .  increased with 

2 

C i n c r u s e d  values of  1: and the i n c r u s e  uas roughly proportio~ltll to  K . The 

-rim1 r e s u l t s  i ~ s o  showed that a spin-induced b t e r a 1  force was experi- 

I an~:ed by the spinning cylinder and ume which i s  roughly proportional tb  K. 

2 s  for the case of the l Iuve11 d l ,  m l a t e r a l  force was found to occur 

1 br  tb spinniag disk.  Ihe lwrriul r e s u l t s  for torque perpendicular t o  

'I the spin a x i s  e l s o  sbarcd the same dependence om .pin a s  indicated by the 

a w l y t l u l  r e ~ u l t s  obtmhed i n  t e r m  of t h e W . m l l  lode1 parameters. 

1 n w r i u l  remits o b u b d  for  slowdown torque on a cylinder i n  

u r n s  of generalized .ode1 parameters a r e  given i n  Figure 4.9. These re- 

f s u l t r  slww t b t  the slovQvn torque is a function of both a and P.. l o r  
I 3  

C the u s e  of the lb(.nrall lode1 the slovdovll torque i a  dependent on only 

on* of the model par.ucers. ad. The ' ~ b c r i a l  r e s u l t s  for  the abudcnrn 

f torque of s spinnins disk vcrc s W t r  ra thoat obtained for  the cylinder. 

r L.L. C o n c l u m  

Two conclusions a r e  evident f r m  the result. obtained in t h i s  

Figure 4.9. Coefficient of slow down torque on s apinniag cylinder 
a t  zero angle of s t a c k  a8 a function of the generalized 
model parameters. 



c h p t e r .  Firmt. the aerodyru~ic  properties of borh non-spinning and spinning 

bodies i a  atrongly affected by the gas surface interaction. Secondly, dif-  

ferent  ahpea  have f u n c t i o ~ l l y  different dependence on the gas-surface 

interaction p8r8nctera of a pa r t i cuh r  d l .  

These t w  concluaiona suggest tha t  gas-surface interaction experi- 

lent. could Le perforvd in  which measured aerodynamic properties of various 

8hpe r  could be ut i l ized to obtain informtion on the gas-surface interaction. 

Since the apin induced torque end (lift). properties a r e  a lso  strongly de- 

pendent upon the gas-surface interaction, considerable information on the 

gaa-aurface interaction could be obtained by vking measurements of these 

eerodymdc properties of spinning bodies ea a fucction of angle of attack. 

The poaaibteexperlenrasuggested by the resul ts  of th is  chapter 

would be d i f f i cu l t ,  i f  oot Lposs ib le ,  using current laboratory methods. 

It i a ,  therefore, proposed that the aerodynamic properties of spinning I 
! 

s a t e l l i t e s  be ut i l ized w obmin information on the gas-surface interaction. 1 

The high velocity, Lzgely neutral,  free w l e c u h r  gas flow generated by a 

satellite's w t t o n  through the a t m ~ p h e r e  a r e  a h s t  ideal experimental con- 

ditions for performing gas-surface interaction experiments. The remainder 

of thin study i r  directed tarerd determining the feas ib i l i ty  of performing 

tb. satellite e%per ivnt  auggeated by the resul:s of th is  chapter. Toward 

thia end, the aerodynaoic propertfea of spinning s a t e l l i t e s  are  obtained i n  

tho next elupter. 

In  chapter 4 the aerodynamic properties of bodies in l free 

molecular flow were determined for the case when the flow i s  autionmry 

with respect to the body. In th is  chapter the aerodymmic p rop r t i ea  of 

s a t e l l i t e s  i s  investigated for when the gas flow i s  nc longer fixed in 
' 

direction. 

The instantaneous aerodynamic properties of a s a t e l l i t e  u n  be 

found a t  any part i n  i t s  o rb i t  by a suitable coordinate transforoltion 

of the equations obtained in the preceding chapter. Since musurement8 

of s a t e l l i t e  aerodynamic properties are  not u swl ly  made on an ins tanu-  

neous basis,  the average aerodynamic properties of a s a t e l l i t e  over one 

orbi t  i s  investigated to determine how these average properties depcnd 

I upon the gas-surface interaction. 

: The resul ts  of th is  chapter w i l l  be used in chapter 6 to study . 
' the feas ib i l i ty  of performing a sa te l l ice  experiment to measure gas-surface 

interaction parameters. The equations and procedures developed in th is  

chapter can also be applied to the problem of a tumbling non-spinning 

? sa t e l l i t e .  This application i s  i l lus t ra ted  by obtaining =he average drag 

4 coefficient for  a tumbling non-spinning disk as  a funccion of the parameters 

I of the Maxwell gas-surface interaction model. 

5.1. Coordinate Transformation 

l a  the equations developed in the preceding chapters, the aero- 

dynamic properties of the varioua shapes were referred to a cuordinate 



I' I 
system which m a  assumed fixed i n  i ne r t i a l  space and attached to  the free 

1 
stream velocity,  z-. For a s a t e l l i t e  i n  orbi t  about the earth,  the coor- 

~ 
dinate ryrtem attached to ro ta tes  i n  i n e r t i a l  space a s  the s a t e l l i t e  

1 

travels in its orbi t .  Since the torques acting on the s a t e l l i t e  must be I 
referred to a non-rotating coordinate system, a nev reference frame which 

i s  attached to the orbi ta l  plane of the s a t e l l i t e  i s  chosen. For the pur- 

poses of i l lus t ra t ing  ~!kz aerodynamic properties of s a t e l l i t e s  and the 

feas ib i l i ty  of the proposed s a t e l l i t e  experiment, the orbi t  is assumed to  

5. circular and bave fixed orientation i n  i n e r t i a l  space*. The armospheric 

density i s  a lso  a s ruud  t o  be csnstant over the orbi t .  

The i n i t i a l  orientation of ti& s a t e l l i t e  spin vector in cne or- 

b i u l  reference frame ( X ~ . ~ ~ . L ~ ) .  i s  shown in  Figure 5.1. The xO-yo plane 

i s  in the orbi ta l  plane of the s a t e l l i t e  a d  zo i s  the normal to  the or- 

b i t a l  plane. % free stream velocity vector, ?-, ro ta tes  i n  the %,-yo 

plane a t  a constant rate.  &, equal to the angular velocity of the s a t e l l i t e ' s  

orbi t .  For convenience, the s a t e l l i t e  spin vector, b, i s  chosen to be 

i n i t i a l l y  in the x -2 plane a t  an angle X from the normal to the prbit ,  zo. 0 0 

With the above definitions,  spherical trigometry can be used to 

find the ang?e i n  t t m a  of the tuo angles 1 and a.  This expression i s  

given by 

In uenersl, tha orbi:fil plane i s  not am ine r t i a l  fratno of reference aince 
the non-opherical distribution of the earth's maas a n  -use chc orbi ta l  
plane of a s a t e l l i t e  to ro ta te  in iner t ia l  space. This ef fec t  end other 
perturbing e f f ec t s  of the r p c e  environment are not ircluded in th is  srudy. 

I I- where 8, I s  thc angle betueen z and ;. (The notation and definition of 

Figure 5.1. Notation and coordinate ayatemw. 

loo 



used in Equation 5.1 i s  consistent with that used in the equations of pre- 

ceding c.upters.) 

j.2.1. bmmnents of Porce 

The force acting cu the s a t e l l i t e  a t  any position o i n  the orbi t  

f s  divided into a drag eaponent in the direction of 5- rnd two components 

of l i f e ,  mravl  to ii-. Por force, a coordinate system X ~ , Y ~ , Z ~  i s  defined 

which is aaaociated v i t h  the xo.y0.zo system a s  shown in Figure 5.2. The 

yt-'xil i r  i n  the direction of positive zm and is therefore i n  the xo-yo 

plane. The z-axis is in the ..re direction a s  the zO-axis and the x-axis 

then colnpletel the triad. The force on the s u e l l i t e  i s  then divided into 

component# of (dra~)Cnrbc direction yf ; ( l i f t )xf ,  which i s  in the plane of 

the orbit:  and ( l i f t ) x t ,  vhich i s  m r u l  to the orbi ta l  plane. 

. . The umponenca of force defined in the preceding chapters 
-. - 

(life).. and ( r i f t )  a re  refereed to the xf.yf .zf system by per- 

forming the proper c o o r d i ~ t e  t reo~forsut lona  and using Eqwtion 5.1. 

The resul ts  are  

101 

$ .2. Instanuneous Aerodvnamic Roper t ies  of Sa t e l l i t e  

By substituting the expression for 8, given by Equation 5.1, into 

the equations of the preceding chapters, the aerodynamic properties of a 

satel1:te u n  bc determined a t  any position, o, in the orbi t .  For la ter  

app l iu t i ons ,  i t  is desirable to  divide the instantaneous force and torque 

on the s a t e l l i t e  into componeots associated v i t h  the xo,yo,zO coordinate 

system. 

F i ~ u r e  5.2. Coordinate system for force components. 



I 

I 
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- - 
F - [( l if t) ,  % - ( l i f t ,  ah&':: "3 if + jf 

4 To I fo X ( l i f t )z f  kf 

+ ( l i f t ) =  kf + [(lift). :in a 5.2 
s s To = -ro cos u ( l i f t )  io - lo a i e  u ( l i f t ) =  

r '0 

2.3 

where i ,j ,k a r c  un i t  vecrurs i n  tbc xf.yf.zE System &&ad where zf 
f f f  

Define the coef f ic ien t  of torque on-the-orbi.. to  be given by 
a. e* - (1--2 a a h 2  iy 

cT0 - . u: i ro  5.6 Aerodynamic drag and l i f t  forcea a r e  knmtn to a f f e c t  the elements 

of a u c c l l i t e  o r b i t .  I n  t e r u  of ch eftponents of force given in Equation where i s  the reference area of the s a t e l l i t e .  

5.2, the pr inc ipa l  e f f e e t  of  drag and (component o f  force La the if Using Equations 5.5, 5.6, and the kf component of force8 8iv.n 
f 

d i rec t ion  end i n  Ch plane of the o r b i t )  i s  W cause the snd-major a x i s  of , i n  Equation 5.2, the  coef f ic ien ts  of torque on-the-orbit about the x o a a d  

the o r b i t  w decay and u w e  rbe eccent r ic i ty  of the o r b i t  to  decrease to yo a x i s ,  respectively,  become 

zero (sea b r  e u p l e  Pcfermces  26. 25. and 26). 'Ehe t h i r d  component of coa a cos L 

force,  ( l i f t ) z  is m r u l  W o r b i u l  plane i n  tbc d i r e c t l n  kf .  This force 
f 

u u s a r  a wrque on ch o r b i t  and h a  tbc e f f e c t  of  u u a i n g  the o r b i t a l  plane 

W praceoa i n  i ~ t i . 1  a p e t  vhich is analogous to a gyroscope precessing 

under the a c r h  oftan ex te rna l  wrqur.  
5.2.2. Commnents of Toraue Actinn on S a t e l l i t e s  

A c a p l e r c  a*& of the p r t u r h t i n g  e f f e c t s  of drag and l i f t  must 
The torque ac t ing  on the s a t e l l i t e  a t  any posit ion u i n  i t 8  o r b i t  

n*c*Surily Lncludc &l&O otbcr pc~t~rbrtkig forcer of the space environment 
i s  divided i n t o  a slowdown component i n  che direccion of 5 ,  and tp con- 

luch &# #olrr rrdtrtlon prerrure a d  grav i ty  gradient  forces. such a study 
d 

ponents of torque pcrprndisulrr  to 0. For .ec.llice torque, coordiluto 
i r  beyond thr rcop. of the present work. For ~ h c  purpose of the present 

- 

System x i ,  yd, ki i s  defined which i s  associated with the ~ ~ . y ~ . z ~  uystem 
.c'J~Y, =*w1*er tbr mrque on 8 circular orbit u u a d  by the ( l i f t ) z  cam- 

f a s  shown i n  Figure 5.3. The 2;-axis i s  i n  the d i rec t ion  of and 18 char.- 
ponant o t  forca. Ibe radius vecwr .  ro,  f r m  cbe center o f  the u r t h  t o  

tha u t 8 l l i c e  i s  given b 

r - ro s i n  a lo - ro 50s a jO 5.3 
s a t e l l i t e  a r e  then denoted by •  lowdown coppomnt. Tk 3 ,  I n  the dirmction 

Iha torque on the o r b i t  l a  tben ' Ira .  by 

----- 



xs; and a T n component which is out-of-the-plaw of  the o r b i t  by & 4t 
1, 

A. The components of torque perpendicular to  muse  precession rhL& almo 

has components out-of-the plane and in-the-plane of the orb i t .  

The components of torque defined i n  the preceding c b p u r a  (Z 

P and Tk ) a r e  referred to  the x',  yi.  Z; syatam by p e r f a d -  tb. f '  
j s '  s 

proper coordinate transfomation and using Quation 5.1. The resu l t8  a r e  

I 
5.9 

I ,This equation and the equation of the previous section allow the re8ult8 of 

:hapter 4 to  be used t o  find the instantaneous aerodynamic properties of a 

l a t e l l i t e  a t  any point u i n  i t s  orb i t .  E a 5.3. Average R o p e r t i e s  of S a t e l l i t e  

equation 

where C represents the aerodynamic property being averaged and T' i s  

timc in terva l  over which the average i s  taken. As a s a t e l l i t e  t reva l  



t$' over one orb i t .  Tuo cases a r e  considered: 1) apinnily diak ri one lid. 

exposed to  the flov end 2) spinning d i r k  with both aid*. expoad t o  tb. 

f l w .  The r e s u l t s  of the f i r s t  case u n  be a p p l i d  to p r o b l r a  such a l  l 

spinning cylinder o r  spinning cone i n  which the end* of the cylinder a d  

base of the cone u n  be represented an rpioning diaka. 

a u t e l l i u  i n  c a r - u r e h  c i r e u t r  o r b i t .  xf rh a l t i t u d e  loss h e  to the 

ac t ion  of aerodynuic  drag L e s d  w be -11. the asgr la r  v e l o c i q  of 

th. u t e l l i u ' ~  o r b i t  u n  be approxiu ted  by a w a s u n t  d e t e r r i d  by tp 

e v r r a w  radium of the o r b i t  ~ D T  l siqi1~ p a s  about u r t h .  s+lY. 

an  &*.rase c i rcu lar  velocity -1 w rh free 8trca velocity U- and an 

avarels a m s p h e r i c  deoaity p u n  be epproximted by w n a u n t s .  

l o r  l coomuat a w t r  velocity 6 = .I. Equation 5.5 u n  chm be 

c b w d  w an l a c e p a l  of du a q l e  u o m  2w for  one -piece orbi t .  Zhe 

aquation for tb e v e r . y  . c ~ o d p m L c  p o p r r t i w  o f  a u t e l l i t e  over one 

0 . p l a t a  o r b i t  i a  um by 
C & 

5.3.1.1. S ~ i n n f n n  Msk w i t h  One Side Exmaad to  the F b  

Polloviag the procedure outlined above, tho reaul ta  for cb. 

dvcrage properter of a spinning diak with one s ide  uqosed  to  flow 

Ipuaclons 5.2. 5.7. 5.8 d 5.1 u. rb.. be s&scicuced i n w  i ? q ~ ~ c f o a  5.11. 

r i c h  tho appr0pri.u w r b n a  I r a  rh p r c c c d i q  chapter. m deternine the 

averale proymcias of u u l l ~ c e s .  
- - 
c1 'a , - -  + u@% K~ s i n  A cos A 

- 
= - 2 ad K~ a in  1 - 

l a  g a w r a l .  rL. c w l o e t l w  of L . l u c h  5.11 iauelver c& use of 

n u u r i c a l  tachoiqtua. t o r  un of c h  p ~ q . r t i r s  of rb. apinni- d isk  

in t o m  of I& #lam11 d l  ~ r m c e r s .  blMI. E q w t i ~ ~  5.11 u n  be - ad .\'l.ol K: (h s i n  A cos L .) sin' A eos A) 3.16 

ovaluatrd e ~ l y r l c a l l y .  Ihr p r c r d u r e  I s  r e  f i r s t  . rrbsti tvtc W t i o r u  4.8 

through *.I1 for cb 4 1 1  t a u  cb r .utL.u W 6 b s u n u l u o u s  aero- 

dyamlo proyr t lms  E l m  w r l r r @  1.2. S.7. 5.8 d 5.9. W t l m  5.1 

is used ro replrc. @, l a  urn of a' L. Tbru r e r l t s  a r e  &a mb- 

erltured into Cqwtlon 3.11 s J  ~arrgrsld u I w  tL anreg*  ~ o y + r l o a  1 
9.3.1.2. Smianlcu DLak ultL b t h  $1-4 t o  tk Upz 

l'bv pror.durs :u L o l L d  lor rh. ran e f  t k  I l s k  ull!. both 

s1d.s .apoa*d to c& tlnu l r  th8 nu a. a b u  *mrept t b t .  rhrn Ih. l l o r  



- 
C, - ! K, ud s in  A cos A 

's 

1 - - - 5 Kt ud (6 - sin2 1) 

I, Ulllike for the u r e  of  the disk, the average, o-r on* o rb i t ,  of torque 
- 

i I ,perpendicular to  che rpin axis. , is *.and t o  k f in i t o  for th. u o o  

of a spherical u t e l l i c e .  

i ! 

j $.3.3. Sninnim Cone-Disk Commaire Smcel l ic~ 

I Conrider s sa t e l l i t e  capoaed of a COM mpianiw about c& axia 
7 
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i m  en tbe %ck-side" of the disk, app10pL.e cL.pes in S* -t be -& 

I on ~ p c u t ~ o l l s  4.8 chrm@. 4.13 w a c c o ~ ~ t  fot tbe f ac t  b t  the spin r a t e  

vector 3 ts in  r& opposite d i r a c t h .  * result .  u e  

E - 5 - e mio3 A + ud 4 aim A - e aim3 A) 

I + [sin2 A + K: (i #in2 A + & sinb UI 5.18 

- 
5.19 t 5,; 

- 0 

- 
I cz , - "  5.20 

1s - 5.21 I - -& vd .- a 

(qo)xo - - * d m 2  A a s  A 1 ; - o f i t :  ( ~ s b ~ - ) . + & s i n ~ A = o a ) . )  5 -22 

(z 1 - 0  5.23 

t 
'0 '0 

l o r  rbm ur mf be mU.s of Q. 4L.L cqod. dn torque w r p -  
I 

I d i c u h r  co rbm #?la u& of & ruiliu L. U W avcrsw w re= over I! s r u l y t i u l  form in  t e r u  of tho Mannll d o 1  par.rrors and arc  8 iwn  by 

o w  orbi t .  1L. m a y .  hu .rl octh-orbit a b u t  ch. xo ul. 1. Equcioas 6.20 t ko lgh  4.26 in chapter b .  Tlaco a --dl& c q o a l c e  

1 l o u d  ro b u b h  am waU bo .q.c-. I :! u t o l l i t o  i s  a cvnvex body. Ilgrucions 5.12 t*roull 511 f o r *  dl& with 

I i 1 one aid* oxposed tv tb. flov can b. appllod dlrocrly. Ih. .Ism of . 
(Kquaclon 5.14) i s  r e w r d  for thla a p p l l u c t r  st- 0.1, t(r *hc~!' 

?ha ..a* W C L ~ M .  o t  u.r r a g ~ t y  ~ . . I L U I  r t e l l i t e  7 r: .A 
*id." e l  C h .  opianlly dl& l a  mxpwd te I*. l l r .  

men k a b u l m 4  L. umr of b ~ . - r 4 a  of IL. -11 d l  I- -tIO.a 

7 
Ih. avorase p n y r c l e a  of t h  m part of ~k o p l m r q  ~ o w - 4 I s h  

f b.)? cbrouab 4.n. m~ r a ~ t ~ s  m A i 0 1 i 

-*ice u to l l l tm  or* a b t a l d  u a l y  tL. u r l - l  t . r ) r l q ~ a  & a c r l W  

i 
?rmvloeeLy to p r lo l r .  the Lmt.trrrl*= over 0 1- Qurt.* r.11. rer .-la. 

- .- 
8 

--..-- -e - - - --. - - .. . -- - - - - .- 

of the cone and 8 f l a t  kme reproaoaced by a # p i a n l a  disk. Por mn.nnience. 

consider the center of us# of the s a t s l l i c s  to  ba s t  cb. concor of tho baa. C f the cone. For purpomea of illustrmcion tb.  -a-urfaco Intoraction rlll 
I 

be a s m u d  to be of the k x u e l l  t.lp.. th. aqut iona  exproaalns t b  aoro- 

dynamics of the apinniw coaa s t  anslss of s t u c k  taw b o a  o b u l n d  in 



1C.S ~(2 orm - W) - '* 22.1 + R-1-j Irf r o '< o 3 

I 
61.5 C(,Y z-e + r z-ot x C-Z) ky9, - PD~~.-+~ 1: 

*i 
- 
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C L . .  Ib. .v.+.c. o f  an aerodyumlc p r o p r e y  for  a c 8 o Q r c d l i ~  lmiy 

m C i 0 ~  teChOiqw8 npp1i.d to the disk  p r o b l r  arm 8 i w n  for  ealur1.lr.m 

C i s  c& a e r o d p n i c  p c o p r r y  ki.l awra8.d (see hf.rence 27). 

A m i q l a  nmnpla of rbr a w l i u r h  of Cplurlon 5.33 L. s i r e n  i n  

I C b .  LollPvir3 l o r  r*. cam of nos-qirrt.l disk. 

1L. i * . u u r a r  i r m #  w t l k l e m r  o f .  4i.t i n  C e r P  o f  the 

'I w r u t m r .  of  rL. -1 4 1  n. 81." b, &"tro. 4.8. h uru of 

tb .n8l*. 0 a d  A. I.. Luumumwu &q ~ f f l c f e n t  for  zero spin ra re  

1. 8lv- by 
s l i g h t l y  l o w r  remulcs r b n  chat el*.. by w t l o a  5.35. but cb. p r c e n r  

e r r o r  is  consid.r.bly l e s s  c h n  tho ro.ult. el  l.lar.aco 15. 

3.5. Dircu.sLoa of bm1U 

T b  r.sults o b u i r v r  l a  chi. &?tor bvm boea 1 b I t . I  u tb urn. 

of che I(.mll d l  be8un a u l y t i u l  w I * C . u t m a  -14 b * b u t a d  In 

Due l o  *-Cry. C b  1 8 l c w a e W  *I W f l a  5-33 f a  r)w disk  u n  ba ob- 

b. 
U I H I  ms oi .Lt t l r m  6. huq . t -  rm m l ro~ 0 c r  = a d  A from 0 u, 

Z 2 '  
Ih. r*.ult 1. 

5.35 

l ~ m t  o f  tho c a m s  m t d l d .  pr0edu .a  4 8. A t a l e  tL.0 w e v l t a  ar.. 

h w r .  . g u l l y  .pptlcablo t- prob1.r ui.( r b  f.ur.11.d d l  I t  

m-rk.1 w s W m  a r e  q k H .  

I Tho r o r l t a  . b c a l r l  Ln # b w m  r l r  IL. .my. h - 1 .  p- 

prc1.s .f a u t o l l i l l *  ar. 0: tho u k m  a* a b r  .Ltrl..l I 8  WU 4 

f.r s u c l m r y  Ilr n d t t t w  IL. .-or- y.r+lrr(* p . ~ . t i e a  U* 



r u r o  oK cho Uo-It dl. 

zg - A, 8, Al + o r 9  A) - - 

rat. vr.rw r.  o d  at- & b I 1  ..lk 8 br * e m -  

1. &,, --.. . rumma r..r.~. fu Y l e o  La . * u r W r Y  f-. 

II,. p..~~~l~~l "LY. D# .cllt.r* u r d .  rrn~l - t * l : l - - h l r r t c  

tb. n m l c r  e f  the p r d l w  clupcr l r r  I d l a c o d  c l u b  (L. 

i 
i p o s l b l l l c y  of u c l l k l q  rrrrd ae-c wrt lo.  o f  ralllau y 

;bbuLn laKorrrc lo.  o. b u r w f a -  l a t u a c t l r .  tl. ~ a l b l l l t y  e f  

-1. o a ~ . r l r a u l  comeapt i a  41-nd L thL8 *.uc. 

I& ohtous h u t .  et  4oolpL- a vrrrbcr 1.t.mtlw r 

r p o r l r n r  mmlw n ro l 11 tae  Lm c l r  Kroo rlmhr K b u  DK I- r k L q  

l w u r r a l  m l ~ c u l ~ o  1, p r r a t d  by cbe r c l a  o f  lr r t o l l l ~  La I t a  ublt. 

Ao l i ~ m o o d  urllor. LC h a  mt h ~ s l b l o  ~ I L a e o  t l r  f l r  

r o l J I c l ~ m  La I*. b b r a u r y .  A. r l r l  411 . . l r W I c m .  o m  &a pw- 

KO- u&r arppmdly emat-1 lod ced l l r u .  L m h r r l h o o  * b t o l d  r & 

p r m r f a c e  Loc*r*ccLa K r c  tL. rr:).Lm e l  ~ W l l l t D  -8 

porcian -14 be r bJ . c r  u c o r u l a  w m r u l m r w  ae.wla~.l U O L  e l  am. 

p r l r a c .  fmr u c a L I 1 c ~  . . p r r rmcm of r k  r w  Lm r u e  *. 
unoorrolncI*s a s u l l r r d  wtcb IL. mas -1-c .rU aafl- (L. 

lntrrpracrtrocc 1.J r c w o t y  o f  n r l r s .  1, -be. d l m r c r  4 ch 

m J r r  m c r r l r l n l l r n  Ui I b l r  In f l r r *n  r 6. 1, 

1b I.II.~ LI 0, 111. k. e l r r  8 b  a n ~ t s ' ~  

-s-c'r.-a rll* tho -rDSt-I r - - c u b * ,  0 ;  w).. n (C 

y*-"d * m p r I u . t .  1hlI .21**1 I *  4 t w I . I  U !b k J ) - l q  

l%. r u u  hr =b n r s r l . . .  I .  owbrut vr - I#p  H. LI 



- 
i n  rrbhb t h  dry 1s  r e b u d  ro tlr h a i c y  by rL. try - r h  61- by I 

In or&r to &urriw rL. a-s+rrL+ h l 3  e t a m  b h... u a u n r s t .  

rh. draa e o o f f l c h c .  CD, of & b d y  u c  b -. Dn ce b lack of 

h o v l r d p  oa rL. p r n r h  L o c o r u t h .  w a d  r lu of rk &.I eo- 

mfticLmc of 2.2 I. -17 u. u r . ~ a  * result. 

o t  &?term I d 5. I c  l a  m u m  t r c  tbla -LO. could hd m C O I U ~ & ~ -  

able arrer.  ?orbpa SO2 or Em-. ln rl. & u m l m t b n  of h l c y  W n d -  

?a# u p .  & u u l  r l r a  of ch p - f m  h c a r ~ t l a ,  p r N c m r n  and t& 

h p  of b b d y .  

I t  l a  a w a m c  holl b a h  4L.ausL.r clvc r rulliu a p a r l -  

m a r  & # I d  u .Cub ln-rln r & p h r r t n c a  1nuractL.r ma t .  

at-. a L r l R D r w l 7 .  a b a L  lnb.rtLr a & a-lc h l t y .  Tor 

thla W U w r .  C h m .  C b  ~ . t o l l I U  - L U m  p . ~ &  Ln LLL afrly arm do- 

#land to &t..llr tb rlr of b a-lc I r u I t y  It w 

dmtamlnlne tbm r l w a  mf wa-tmw Ln tmrwt l r  p a r u u r a .  

mxpraaait~s cb. m u m 4  aa rodpmic  proputla* Ln anu of tb. uah.u' 

I u a t  Corm an i adapadwt  HI of .gueioaa  rLiB u n  b n  k . o l d  h c  tk 

I 
uaLwvDm. 

T w  tanera1 c t a r i f i u t i o a s  can bm wda of poaaibla rLLd. of 

' I  i u t i l i r i a 6  u t m l l i t a  d.u uhich could u t i a f y  rk bait e r i t a r l a  @ i u m  a b u .  

Ihesc c b s s i ~ i c a c t o o a  of possible octbods are: 

1 2  -[hod 1: U t i l i r i w  dau (much aa &.I) f r m  l a u k r  of 

- diffmrmncly s b p d  and/or dlffarmntly o r l . a t d  
< 

.& ucel l l tmr .  

I kcbod 2: UcULlq &u on a n d . r  of .*rod-ic pro- 

porcima of a p m p r l y  & r U d  utmllltm. 
" 
1 Ihm nthods  of a t u t p l a  arm a k i t r  in both c l a a ~ l I l u c l o ~ .  In W . r W  1. 

-? &u on past or   xia at in# ucol l l tma w u U  L. u d  r*llm l a  kchod 1 a 
I .- u to l l i tm  La to b. & a u u d  for the n p s l t l c  w).n of m b u l n l ~  lnhrr -  

t l w  on cha wa-aurfac- 1ncoraccLon. I t  ID w l  n88oat.1. h w r .  t b t  

u u d  mxcluatw 

t k  cw r-I 
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o r  sphere equations. One u n  a l w  eas i ly  ver i fy  (tt uatrwt. of  Iq 

I n  c luptcr  5 I t  n s  found t h a t  the average aerodynamic properties 

of s a t e l l i t e s  a r e  dependent upon the parameters of the gas-surface inter-  dent a c t  of equations which could be solved f o r  ad, 4. and p. 

action.  I n  addit ion,  the angle ?.,which i s  the  angle giving or ien ta t ion  of The possible experbents  discussed above concern the drUndYtloo 

the - c e l l i t e  spin a x i s  with respect t o  orbit,wss a l so  found to  have an o f  the parameters of  the  bmll m d e l .  Ph m r r  procedure uould be tud M 

in i lu tnce  on the coef f ic ien ts  of  the unknown bqrameters. These two fac tors  instead the generalized g a c s u r f a c e  in te rac t ion  wdel i s  u d .  In odcr co 

are to be considered i n  u t i l i z i n g  data from s a t e l l i t e s  of d i f fe rent  shapcs use the generalized m d e l ,  n u w r i c s l  meehads would b v e  to bc mpl* 

and or ien ta t ion  i n  u k i n g  the measurements. throughout the analysis. 

To begin the discussion of nethod 1, consider t h a t ,  for example. m e  i d u l  conditions considered above w u l d  not occur in pracicr. 

data w r e  ava i lab le  on a spinning d isk ,  a spinning cone (with f l a t  t. t'ac ac tua l  a p p l i u t l o n  of Method 1 of using p.rt drag &u. a s m q t h m s .  

kse) and a non-spinning sphere. Consider tha t  each of these s a t e l l i t e  d c h  w u l d  introduce e r r o r s  i n t o  the ana lys is ,  must be u& in order to ume 

sbps  l u s  the same surfacc properties,  a r e  a l l  i n  the same c i rcu lar  orb i t .  &u from di f fe rent  s a t e l l i t e s .  One assumption Cht r y  have to he rdc is 

and tbmt the gas density i s  constant over the o r b i t .  Under these considera- that the  g . a - u r t c e  in te rac t ion  is the ru on a l l  the m t e l l i t e s  being wd 

t h u s  and the  assumption tha t  the  gas-surface in te rac t ion  i s  of the Maxwell 

type. the drag measurercents of the three would provide suf f ic ien t  inform-  cfreular orbics.  an  a s w e d  a b o s p b e r i c  density d l  u r s t  be employed. Ih 

t i o n  for the deterwination of the parameters ffd, ffT and p .  The f a c t  *hat 

cbc values of wd, p and p can be determined can be ver i f ied  from the equa- u t e l l i t e s  which a r e  in different orb i t s .  I n  addit ion,  the ~ t e l l i t e s  w u l d  

t h u s  given i n  chaptez 5 f o r  the spinning disk with both s ides  exposed have co be assumed to be a p p r o x h t e d  by convex shapes, since there is a t  

-tion 5.18) and t h e  numerical r e s u l t s  given for  the core-disk s a t e l l i t e  present no adcgrute u w  avai lab le  to analyze COs~uve shapes. 

-tion 5.27). The average drag f o r  a non-spinning sphere would be the I n  light of the mny assumptions which m s t  be mde i n  the a a u l p i a  

nr a s  tha t  given i n  chapter 4 for  s ta t ionary  flow. (Equation 4.30). These o f  existing s a t e l l i t e  data, i t  is wncluded that data from s large nmber of 

tbrcr cqtutions s a t i s f y  both c r i t e r i a  of the experiment, as can be e a s i l y  s a t e l l i t e s  w u l d  have W be analyzed and c o r r e b t c d  i n  order to  reduce the 

.eriEied. Using the same s e t  of equations one could a l so  ver i f )  tha t  hro e r r o r s  introduced by t h e  assumption. The r e s u l t s  of  such an  under- 

apitming disks a t  d i f fe rent  angles ?. to  the o r b i t a l  plane could a l s o  provide 

a q s r a  of independent equations when combined with e i t h e r  the cone-disk gas-surface interaction,  but a l s o  on the v a l i d i t y  of  the  assukptioas uaed.. 

- 



such aa tLe atmospheric density model. 

6,l.Z. Metbod 2: Util ization of Data From a Single Sa t e l l i t e  

The design, manufacture and launching of a s a t e l l i t e  i s  an expen- 

r ive  operation and therein i s  the principal disadvantage to Method 2 i n  com- 

pariaon to the less  expensive analysis of existing data of Method 1. There 

a r e ,  buever ,  many advantages to  a Method 2 analysis vhich would u t i l i z e  data 

&om a na t e l l i t e  which i s  specifically designed to obtain information on the 

ps-surface interaction. The principle advantage would be the accuracy of I 
resul ts  obtained, an accuracy whict. i n  a l l  probability, could not be obtained 

i n  an amlys i s  of p s t  s a t e l l i t e s .  I 
.> 

In  order to  i l l u s t r a t e  the basis of Method 2,  consider the cone- 
I 

dl& s a t e l l i t e  which was analyzed in  chapter 5. The average drag ~ n d  torque 
I 

coefficients of the cone-disk satellite were of the following form in  terms 

of the parameters o i  the Maxwell model. 

- 
ED - A1 + A2ud + A3ud &-aT 

I 
6.1 I 

I - - - B1 + B2ud + B3% Jl-aT 6.2 

- 
C ~ s  - @dC 6.3 

- - 
where % i s  the average drag coefficient,  CT i s  the average coefficient of 

P - 
cDrqme vhich ac t s  perpendicular to the s a t e l l i t e  spin axis  (CT wi l l  be 

P 
interpreted l a t e r  a s  being the coefficient of either the i; -or  j t S  component 

- 
of argue) .  and CT i s  the average coefficient r f  s l w  down torque which i s  

s 
in the direction of the spin axis .  The coefficients A1, A2, A3, B1, B2, B3, 

' I  i 

' I 
1 and C a r e  '(rnctions of A, 6. and K a* dlmcumd *I CLm 5. 

1 I Caoslder aa, C&C D, T and T arm mNw.bh .C 
P' 

the f o l l a r i q  ae t  o i  c q u a ~ ~ n a  could be o b t a l d  

' I D* - D/+ 4 h - + a2 ad + A~ P ed 6.4 
f 

T * - T ~ ~ ~ ~ ~ F X - B ~  P P + B ~ P ~ ~ + B ~ ~ % -  6.5 

T.* - T./+ x ; K - c ad 6.6 

i n  uhich D*. Tp*. mod T.* a r e  k- f r a  uuncmts. '2but dame 

1 I a a t b f y  the tvo b a l w  rriterb established prevSwmb. S o i u P W  foZ ). ad. 

Md % u n  be o b u t ~  a l u l y t i u l l y  i n  tezm o f  *& measured cputi~k. D*. 

T *. and T.* aod tbs k f t i c i e o t s  A.. A.. e t a  *H reaolta u c  

I ' I sned5mk s a t e l l i t e  is one 4 1 . e  i o  v h i d  tbe a- 

-ties Q pro- -tiom u h i a  a a t i s e l +  basic cdccri.. ibir i. 
I ' 1 m t  gemral ly  auc bf o t b a  s a t e l l i t e  shape*. For c r u q t e .  tbe sphere eqm- 

t ions given i n  chapter 5 s k  ttat % and % for ~IW a w e  - at ~.lr 

1 pcedcnt. I n  oootber larqle ,  - the eq2tioha grintfie diak drh btb - 
I crposed show tha t  cTL is zero rod therefore f i r s t  critcri. la at 

1 # 

I -- 





comes t r g e ,  implying tbt an experimeot emp- tinom 2-4 *, 1 
vould not yield acceptable results. The X-6 d l ~ t l o n r  c*tcb -& 

possible error are, of course, the most demirsble. Reaulu .LUI (* 

b a e  sham i o  Figure 6.1 were also obtnioed for the error e#thL.. + p 

I and ad. l'he error i n  determfning h i s  directly related to Cb. a k  &a,, 

aa seen in Equmtion 6.E. As ad apprwchce -0, the error L. r+s - 
, tion of p vould be- infinitely krge. Thim i m  expected since fa & 

8 lhxwel1 model the a h  of ad determioea Ck fraction of r e f k t d  hru! 

1 uhich i s  dependeot upon ehc paraneter p. Thu.  a s  kcor# -11, h 

' effect of a, 00 cbe f a c e  a d  torque on tlw u t e l l i t e  i s  gr-tly ~LSDL~~. 

T h  reau lu  sbom Fa Figure 6.1 m e  obtained using the cocffl- 

cieots of tbe j; compooeot of torque. Peaults rere  also obuined mstng 

tbe i: colpomeot of torque. Results were obtai~ed for a wide r.ge of 6 

tnluea for both cams. The= resulca sharcd the fo l l a ing  Fa m a 1  

1. Uti lkat ioa of eaaured valuea of cbe.j: coqooeot of 

mrque g i r t  eonsimteo+.ly Lover valuea of mxbm ~08.Sble I 
error L. the de tudca t ioo  of p. ad, a d  + am caplrcr 

to tk results obuioed utilizing mmrmrrrnta of t k  i; 

ampooeot of torque. 

2 .  values sf greater cb.0 45O give 1- errcr rbm c k  
I 

j; amppoeot of torque i s  utilized a l e  value# of A 

less + 45.O give louer error wheo the i; -t of 

P-• 6.1. Maximum error in determining ,is using a cone-disk shaped 

r satel l i te  as a function of A and 6. 

torque ks u t i l l e d .  
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3. Ibc e r r o r  i n  determining uT i s  s igni f icant ly  d i f fe rent  for  

uaing e i t h e r  the i i - o r  ji-component of torque. Use of the 

i'-component of torque was found t o  consistently give maxi- 

mm e r r o r  values of a t ' l e a s t  an order of magnitude grea ter  

than t h a t  obtained using the ji-component of torque. 

The difference i n  possible accuracy between using e i ther  the 1'- 

cmponent o r  the j;-cowneat of torque i s  b e s t  explained by refer r ing  to 

Lhs m r r i c a l  r e s u l t 8  given i n  Equations 5.27. 5.28, and 5.29. These equa- 

t i D ~  sbDv t h a t  the  drag and the l'-component of torque a r e  functionally 

a h i l a r  i n  t h e i r  dependence on the unknown p. ud, and P. The ji-component 

of torque h a ,  bouever, a functionally d i f fe rent  dependence on the  unknowns 

t h o  e i t h e r  the  drag o r  slow down torque. Therefore, even though it i a  

p ~ i b l e  to use e i t h e r  the il- or  j; - components of torque i n  an experiment. 

uae of Lhs ji-component of torque i s  more desirable i n  terms of the accuracy 

1 1  of the experiment. 

The procedure j u s t  outl ined can be used to  find an optimum sa te l -  

l i c e  den* f o r  performing a gas-surface in te rac t ion  and am>spheric density 

e x p e r l e n t .  I n  such an optimization study, fac tors  such a s  s i z e  and weight 

r e q a i r a c n t s ,  o r b i t a l  regression e f f e c t s ,  and o thers  m u l d  be considered i n  

El: ." 
&ition to the s a t e l l i t e  shape. Considering only 6 and A, however, the  

' 1 1  e w c d f s k  s a t e l l i t e  was found to give a coef f ic ien t  of ldnhl i n  the range 

C ' I  , 
I! 

of 3-5 f o r  each of the e r r o r  estimates i n  p, ud, and uT. The inherent 

Ll i i  
-acy o f  this experiment i s  then very good since the  e r rors  i n  the measure- 

, ,  , LI)U lBfhll could be made small depending upon the magnitude of the m a -  

r 1 '  I snrable quant i t ies  and the measurement techniques employed. I n  addit ion,  i f  

1 1 "  ' measurements a t  one a l t i t u d e  could be w r r e t t d  r ~ t b  cbw m4a .B& 

I I a l t i tudes .  the sutistiul e r r o r  values could be mde e m  br*c. * -- 
re la t ion  of measueeaents u d e  a t  d i f fe rent  a l t i tude*  w o l d  rqalc0 &a 

1 of an assumed a ~ s p h e r i c  density w d e l .  Tha ~ i t u d e  of I..- 

I i t i e a  i n  a s a t e l l i t e  experiment is discusacd in ehc Dat mectfoo. 

I : ;- I n  a s a t e l l i t e  experLent  such a s  described above, tk 9.I.LLCI.. 

D*. T *, and Ta* would be determined from m u a u r m w t s  M& 081 the or+iPI 
P 

I r d e u y  r a t e ,  the s a t e l l i t e  precession r a t e  and the s a t e l l i t e  m p i a  decq rate. 

a 
An esti+.te of  the  mgnitudes of these rate. u n  be determined f r a  tk ex- 

11 n p l e  r e s u l t s  obtained f o r  the come-disk r t e l l i t e .  

b n s i d e r  f i r a t  the determination of D* vhich wutaina Lbe D. 

9 For the u s e  of  c i rcu lar  orb i t s .  assming t h a t  the .:tieode Lo.- & to 

I drag effect8 a r e  a l l ,  the d e u y  r a t e  of  the o r b i t a l  radius,  ro, a m  be 

; a p p r o r i u t e d  by the  f o l l w i n g  expression given f. Eefcrencc 1. 

!Lm- 
rev *ne pav (*oCv 6.16 

*re B is the b ~ l l i n t i c  coef f ic ien t  ?$/Zm. I is the  mass of  the satelUte. 

paw in the average a D s p h e r i c  gas density a t  the average o r b i t a l  r d i m a  r.,. 

Xhe mss m of the s a t e l l i t e  ia d i r e c t l y  proportiop.1 to the d e ~ i t y  pa of the 

m t e r i a l  used to construct the s a t e l l i t e .  Le t  the proportionali ty be a- 

pressed a s  

I 1 
where ta the reference area of the s a t e l l i t e  .ad rf has u n i t s  o f  leg* and 





t 
~ h l l i t e  axperinsat a r e  found expressible i n  the followin& non-dimensional 

forma. I 

The products perf,  psr2*, and p r a* are quantit ies which may be 
s 3 f controlled by the s a t e l l i t e  design. In  general, large solid s a t e l l i t e s  would 

[: 
have par* values which are  large whereas l ight  s a t e l l i t e s  would have small 

values of par*. I n  terms of orders of magnitude, an upper l imit for a large 

I c =l id  s a t e l l i t e  would be i n  the order of  100 gmlcm2. A lower l i m i t  for per* 

D 
could be 1d2 gm/cm2 for a thin walled hollow sa t e l l i t e .  

The product p ro varies,  of course, with the o rb i t a l  a l t i tude  of 

1 the m t e l l i t e .  Figute 6.2 shows the variation of p ro for a high, lov, and 0 200 400 600 8 0 0 1 O O O  
Altitude (kM) m 4 9  

d f u m  density amsphe re  versus the o rb i t a l  a l t i tude  h, where h-ro-re; re  - 
f! (radius of Earth). 

the plots given in Figures 6.3 ,  6 .4 ,  and 6.5 ehow how the meaourable quan- f! 
c i t i e s  vary with a l t i t ude  h, for pa'* - 1. Figure 6.3  can a lso  be in ter -  

Figure 6.2 .  a h ,  low, and medium a t a ~ s p h a t i c  density v a r i a t i o n r i t b  

C preted i n  terms of h / 7 ,  the r a t e  of change i n  the period of the orbi t .  The a l t i tude  (from tables i n  Reference 29). 

r a t e  of change i n  period i s  related to the a l t i tude  decay r a t e  by the 

i 
f 
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Figure 6 .4 .  Relative average angular precession of  spin-axis of a cone- 
disk s a t e l l i t e  per (circular) orbit.  



r i l u re  6.5. RoLtive everase spin decay of  l cone disk matellite per 
(circular) orbit .  

optical tec6o~qu-&as that  proposed b y m ~ o o r d i a a t c d  BcLccweFG.brr- I 
P 

ssive i a  that  s flected off tbe m*cc 

H 
Y .. 

CSL is ful ly  descr 

1 resurts of t h i  
the feas ibi l i ty  of ,dm? 

I F a u r e  6.4 w u l  witkin Zhe capab of the optical v. 
n t e l l i t e  spin r a t  

C fleeted sunlight techniqore is, of 

standard method o ing orbi tn l  drrg 

:I 

3 I 
6.4. bsesamenr of &&its Mtaieed From a d ~ r e  - rWt  

I B In the pre6$X@ discussions. a to L1)DY ' . L.. *.meters of qell model was 

feas ibi l i ty .  - 4 : ~  accuracy qf r ,of,+ 
upen how el& assumed mdel  ap the ecbaal refk@rm 

t 8 1 



I!, o r h r  to IUuatrats bow, for a apeeial u s e r  erroneous results 

be obD.iwd, take an a x p a r h a t  i n  which t& wasuremats are inter- - ia tarr of the parameters of the l k u e l l  model. As an extreme u s e  

M & r  that the actual reflection process b a perfect backsutter. 'Eh.t 

is. h q . c t i v e  of the a w e ,  0, st which the mlacules Lpinge on tbe sur- 

t.a. the mlseulea are a l n y s  reflected back in the same direction. Perfect 

hcbatter i s  a type of reflection which c4nmt 6e approxfuted by the Wax- 

-11 d l  (or the Sclub* model e i t h r ) .  

T b  procedure outlined for  an e x p e r k t  using a wne-disk satel- 

l i t e  mold yield value8.of ad, %, and p for -.a extreme u s e  of perfect 

b e b u t t e r ;  horpur, it can be sbam that ad a d  5 w u U  be equal to one 

and tbe g.sdensity mold be a i t s  actual value. 

The above c p l p l e  serves to i l l u s a a t e  the Lportance of tnter- 

weti= chc sa te l l i t e  m a e u r a n t a  in  tuu of a model, such as  the gw- 

eulixed d l ,  uhich can wver a wide range of possible gasaurface inter- 

u t k n a .  Ir, the range of pcssible reflections between specular and d i f h e .  

& r-lw of chpSzr 4 indicate thPt u6e of either the generalized mdel 

or Uw -11 mdel iwuld.be expected to yield results which wuld rearron- 

ably .pprorL.te ths actual reflection proceas. Tor the u s e  of backsutter 

or ewer specular reflections, houcver, use of either the -11 cr the 

-8 mdel wuld not be expected to yield valid results on the gas 

mfice interaction prameters. The Uocilla model also could giveerroneous 

reamlt. i f  the a c t w i  distribution function were far from the drift- W . r  

r l l ~ . ~ l  as-d by &illa. \ 

Solutions for tbe ur*noylls when t* generalized model 

1 I , , eqaationa a te  2. the parametes ?, . 

/r""'~ r l u t i o m  a d d ,  ~ I W U  u i t ~  -* w W L 
,(pi perfon* *dd a r ~  .h- to detect * -t --. P I r J k  

I Lac~clded tht, ma. aidering tb possibitig. ef miti+ SO-. * 
1 -  

d 3  of the w a l i z d  -1 i n  the inurpre* of satel l i te  d.t. L w f 
'L 

'Be favored over the wc$f a given p r t i e d a r  -1. lbra q.ciflc A 
I ,  ' 

rorld be employed aft&, ~h analysis us- C d m a l ~  -1 L. L& 
II I 

tits general d m y t e z  of refiection process. 

! In  order 0 i'luatrate tbe appliut iaa of tk lyr+.lW &. I 
be -4 of cbrre - 
dtr- bem 2 <jlZ) 

and -3 C.PS i. 

e 6.8). 'Ehe eEfecton tk dry of a b o 3 . b  

to a reflection of 4. type can be detcndncd frca the Wt* 
, I  

in  ~~ b.3.1. l!& the values of F j gi- the 
P. 

[ * a f l a t  plate, -, wneand s p i k e  .ragi- by. 



H@ue 6.6. Noation for a possible three-lobed reflection. 



r- 
Ib. exmplem giveo lo this chapter have employed idealized wo- 

I J ,  ditiaoa such as  circular orbir. a d  coontaot deonity which vould m t  be the 

c a n  i o  so actual a p r h t .  An meotiooed in the introduecioo to this 

chptor. a ou&er of oocau io t i es  are  asoockted w i t h  satel l i te  experi- 

mot# chich u o  affect the interpretation of results. Tvo of the major uo- 

certaintL.m have already beeo adcqsately dimcnssed; the uncertainty associ- 

ated r i l h  the mtsompbrtc deoeity u s  dincnssed i n  the iotrcductioo and the 

unccrtaltiea ammocbted with the gas-muface interaction model has been 

diacom~ed in tho p r e e  nectioo. l'he s5goifiuoce of perforring a satel- 

l i t o  . rp r lmot  i n  1-t of .cu ddi t iooa l  uncertainties w i l l  be discussed 

&re. To k coluld.rd u e  uneertaioticm concerning the woditioo of the 

wto l l i t c  surface (i.. de$zee of mrfice w o r r i ~ t i o o  by adsorbed geses, 

u caqoaltian of susfaccadwrkd games, aod r o q h e s s  of surface), campsi- 

Uw of th mtwopbsro. a d  variation of amspheric density w i t \  altitude. 

9 Thm &am-mmface iotermctioo is lraom to depend upon the degree 

u sod cawoaftion of adwrbed 1urfaccm (nee, for example. the experhot01 

resulca liven i n  Reforonce 30) which. i c  the satel l i te  eovirozraeot, i s  not 

w l l  k m .  Ib. ~ u l l i t o  eovIZDPI1It io some respects act8 like a cleaos- 

ins aovirolwnc io t b c  th very hi& vmcuu colbioed uith the effects of 

hiah anarw lolar sod W r i C  rays teod w r id  the surface of trapped gas 

II moloculma. On thm other bod ,  the conswot bombardmeat of high velocity gas 

j molecules as  ~e satel- trave~m in i t m  
I 

7, kocesses toke p l a ~ e  CdlltLI)UOumly. Th epUi 

" b e  oat aa yet beaa ;-ad. m s  mE.2 
I, ' 
; of sesu la  when measltr-ots arde a t  one o r b i t d  JMtllO. me &$ ' 

IGtD those mde a t  other axtitudes. f . 4. * 

lostead of t r ea tbe  Uae surface am h'e ' 
it i s  nugaped tbt a n t e l l f t e  be & A g m d  to k 

';Ip in-tian 00 e$ omcertaimtiu. ~ o e  - m ~ e  ta 

I 
tbc s a t e t ~ i t e  surface r ich a lmolm  tion on . ~ e h  h 

3 
expected to dews at a,.lmmm rate in  the YelatLte -cum of rbr OM-1 a 

l'he depb& sate cotlld - be e~ rirb tb 

in dtekrodyoalic properties ob the u t c L Z i a  to acccrdr 

00 the ger..ifaa - c t h .  b t  

i s  indicated f i r s t  by r e d m  obta- i. 

: f 
'1 in  - prel-ry &todies performed by -8. 1t urn comebid ch+ 

I ] , m o ~ ~ ~ i n s t e s  such as*ter vapor oo a a u l d  te ~qectd 

I 
2-8 $a. to llr 05 the in i t i a l  surface eoveas$in a tLc of .boot 5 eo 
4 

11 'h0 weeks. This rate-of change entimate cab imd ath the crpcetcd rccmg 

I ' 
I W s i b l e .  

Xbe effects of other surface the gag.uurf.cr i k -  
i 1 ' 
i aetioo wuld a ~ s o  be studied by 

I d p m i c  properties a;,* function of 



E w '4 hf r i t h  hora variation8 of tb.3 enviro-ul w d i t i o n s .  For example, for 

P3 w U l l i t e a  r i c h  lo* l i f e t i m a ,  the u t e l l i t e  amface could be expected to 

E n  'a rmgher with tim due to the bombardment of micrometeorites, dust 

p u t i c l a a  and high .ns.w c o n i c  rays (nee for  example Reference 32). . 

11 & a f h e t  of the pa-marface interaction on surface roughness wuld then be 

m s m a d  by w r r s h t h g  changes in  the satellite. rerodylvmic properties with 

fin,. u b t  i m  krem about t b ~  bcot~bnlng effects of the space emiromeat.  Data 

from u t e l l i t e s  uhich have changing, o r  controlled aurfsce temperatures 

eollld be ut i l ized i n  a a h i l a r  manner to obtain i n f o m t i o n  on the effect 1 %  of surface temperature. 

u . 2 .  b n s i d e r a t i w  of the Comooaition of the Atmosohere 

Zhe -siban of the earth's atmosphere is I m m  to  v a q  con- 

I P ' "  

aiderablywith 8I t imde and solar a c t i v i t y . ( s ~  for arample Reference29). 

average molecular weight a t  1000 h. varies from 1.47 for 8 lowdencity 

amuphere  to 8 value of 15.04 for a high density atmosphere. At 300 km. 

the v8riatiw 3s from 16.89 to 22.46 for the low and high density a m r  

8pheres. (Values of v l e c u k r  w i g h t  obtained from Reference 29). As a 

r t e l l i t e  o rb i t  decays. then. the species of gas molecules which impinge 

on the u t e l l i t e  marface wi l l  change i n  wncentrstion. The change in  gas- 

. pec iu  concentration with a l t i tude enters into the interpretation of re- 

# mlta when u a u r e m m t a  mde st one a l t i tude a re  correlated to those mde 

a t  other alti tudes. 'Pvo uncertainties are  involved; the gas-surface inter- 

b: action am 8 function of g8s-species wneentration and the concentration of 

C gu-species a s  s function of a l t i tude.  a I s 

U 

a 
n , .,. 1 1 .  

1: 

, AS wi& the unwrminttea in .clrrf.cn &i-, LI t. 

II i here that  the uncertainties i n  the abD.phr ie  c o q o m i t i m  b. 

n 1 known u d  be determined ri u t e l l i t e  expe r inn5 .  O m  pm8lbU -& 
3 ,to consider each specie. of gas separately. at L. h W  of dr m b # 8  

n 1 :ddnsity of the amsphere ,  p, wnsider that tlml froa 8- d a ~ i t y  L 

osed of a separate density, pi, for each spec in  where p - 4%. t w .  
w 

, 
for f i. consida the r r c b w  in- r b 

:termined by parme&@, of the generalized d l  a d  [l,) f. .* 
sample, the drag of a mu-spinning sphere uocrbdl tbmo k g i n n  by 

1)Expressions such s s  Bquation 6.31 could 8lao be developed for oLba nC.lUL. 

. Then, using ty s a e  procedures 8s on t lhed  ear l ier  i n  Cbl8 CIuptOr. 

it i s  proposed that the unknowns P~ . (P , )~ .  and @&Ii could b. d.b.t- 

b a e d  from measurements made on the aerodynamic propcrtiis of r U 1 l i t . a .  

Certainly for such 8 large number of unlmams. q miogle u t a l l i t e  a p e r i u a t  

[bumbe= of properly des-wed s a u l l i t e s  wuld be utilized aloog with a -r 
1 :  1 f u l  re-evaluation of past drag data to obtain 8 considerable ..~uot of Lnbm- 

1 mtion on the unknowns. l'he values of pi wuld'  be w r r e k t e d  with Id.b 

: of the variation i n  tk, composition of the 8tw.phre  to  d e t a r r L ~ .  which 
I ! model, i f y n y .  gives the most consistent resnlt.. SIIch an a ~ l p i a  wuld 

['then provide info-tEn on both the stmos-is eftposition a d  th -r 
i 

surface interretion 80 8 function of gssqp&ies. 
-1 
#I 



t! k t b ~ m t f o o o f  &a-&maiw.amklof& 

f nttiu nrimtioo of 8- &natty w i t h  a l t i t d e  u t  be *..la- 

s; ~ a I d . l u t b . r U l l r c d h ~ ~ 1 ~ o f e ~ r i c o r b i ~ u l a L . o  

k corretttmg .r-u d o t  on a l t i l d a  via t b a e  r d e  a t  o&r 

5 .ltirJu. h aror in cb d m m *  r l m e  of p i. Qm iatrodncd b e  

8 p. 
m tba u u r m w  oaacIDud via th ...ld d d e l  of the am.pbae.  

Am Uia & 0- w r r n h t i e a  to a atellite crperkcnt, it 1s 

~ ~ & t L l d . ~ w e ~ . l d ~ b k k * b & ~ f  

r t .1UU ..1 reealmcion of p a t  drag data. The 

ar~krelr c h  r r u e l ~ u l ~  t h e m  ~ ~ t i p n o n a m m p b c r i c  

CqO.LCI411 .Dd.l.. 

AnalymI. of .& .erodymmic proputieo d f o o r  .pM.. 4; 
1 

k, cylin&r. ewc. ~7 *re) a t  -lea of .*a rwmld 

uence of the & m - d $ c e  interaction. a.paeU* 011 t b  torqw -. 
caused by 1) the dL?g of dr.g an6 l i f t  Q center of mn 

the body and 2) f~r%~;rtangant to t5e aur bcb.~Ld.lb 

. -4- 



non-spinning bodies .  A l so  o f  i n t e r e s t  is a l a t e r a l  fo rce  experienced by 

apinninu bodies  i n  f r e e  srolecular flow which is e n t i r e l y  s p i n  induced. The 

s p i n  induced l a t e r a l  fo rce  raas found to be a l s o  s t rong ly  dependent on the  

Wir-uurface i n t e r a c t i o n ,  an f o r  the  sp in  induced aerodynamic torques.  The 

E e r o d y ~ 5 i c .  s p i n  induced l r t e r a l  fo rce  is  analogous,  bu t  oppos i t e  i n  d i r ec -  

t ion.  to t h e  Magnus e f f e c t  on spinning bodies  i n  viscous flow. 

The developvrent o f  t h e  genera l i zed  gas-surface i n t e r a c t i o n  model 

and the  analykio o f  aerodynamic p r o p e r t i e s  of spinning bodies  formed the  

b s i a  f o r  proposing s a t e l l i t e  experiments to o b t a i n  information on the  gas- 

taariace i n t e r a c t i o n  a a  we11 a s  the  o r b i t a l  a t isospheric  dens i ty .  It was 

s t r o n g l y  dapandent on the  paratanters o f  a given gas-surface i n t e r a c t i o n  model. 

$urface i n t e r a c t i o n  p a r a w t e r n  and t h e  o r b i t a l  gas  dens i ty .  The prel iminary 

phase o f  t h e  atudy of  t h e  f e a s i b i l i t y  o f  these  s a t e l l i t e  experiments was - 
conducted. T h i s  phase of  t h e  s tudy  covered 1 )  the  cons ide ra t ion  o f  schemes - 
u t i l i z i n g  the  aerodynamic p r o p e r t i e s  o f  s a t e l l i t e s  o f  va r ious  shapes and - 

- o r i e n t a t i o n @ ,  2) the  aeseestmnt o f  the  accuracy o f  determining the gas sur-  

fat-interaction p a r a m t o r s  and the  o r b i t a l  g a s  d e n s i t y ,  3) the  e s t ima te  o f  

- t h e  magnitude o f  measurable q u a n t i t i t e s  i n  a s a t e l l i t e  experiment, and 4 )  - 
the inven t iga t ion  of  the  p o s s i b l e  e f f e c t s  on accuracy introduced by unce r t a in -  - 
t i e s  i n  the space envirollsrent and s a t e l l i t e  su r face  cond i t ions .  On the  b a s i s  - 
of t h a s s  r e s u l t s ,  it was ee tab l i shed  t h a t  t h e  proposed s a t e l l i t e  experiments - 

- a r e  f e a s i b l e  end could provide m i w a n t  information on both the  gas-surface 

- 

w 

i n t e r a c t i o n  a t  s a t e l l i t e  v e l o c i t i e s  and t h e  n e a r - w r t h  n a s o r r e r s .  

Due t o  the  considerable u n c e r t a i n t i e s  a s m c l t e d  wi th  @o-mr- 

face i n t e r a c t i o n  a t  s a t e l l i t e  v e l o c i t i e s ,  i t  wae found t h a t  t b o  gs~@lW 

model o f  the gas-surface i d t e r a c t i o n  i s  pecessa rq  i n  th@ i n t s r p r e o a t i o n  0e 

r e s u l t s  of  the proposed s a t e l l i t e  experiments. Since t h e  n e r o + s ~ 4 i e  pro- 

p e r t i e s  of convex bodies  i n  a f r e e  wl. flow a r e  s depeadent on the ope- 

c i f i c  form of  the d i s t r i b u t i o n  o f  r e f l e c t e d  w l e c u l e s ,  gas-surface i n t e r -  

ac t ion  models which incorpora te  a s p e c i f i c  d i s t r i b u t i o n  func t ion  a r e  a o t  only 

unnecessary bu t  a l s o  undesirable  i n  t h a t  considerable e r r o r  can be i n t r d l u e t d  

i n  the  i n t e r p r e t a t i o n  of  aerodynamic measurements by us ing  such models. Yor 

t h i s  reason,  the  use o f  the genera l i zed  model developed i n  t h i s  s tudy  is pre- 

f e r r e d  s ince  no assumption was made on the d i s t r i b u t i n n  o f  r e f l e c t e d  m l e c u l e a  

o t h e r  than the  ex i s t ance  o f  a n  average v e l o c i t y  and d i r e c t i o n .  It was sug- 

ges ted  t h a t  the general ized model could a l s o  be app l i ed  to t h e  i n t e r p r e t a t i o n  

of r e s u l t s  obtained from labora to ry  experiments i n  o rde r  to parameterize in .  

a genera l  manner the  r e s u l t s  o f  molecular beam s t u d i e s .  The parameterizat ion 

of  these  r e s u l t s  w u l d  f a c i l i t a t e  the  comparison o f  t h e  va r ious  r e s u l t s  and 

could se rve  a s  a b a s i s  fo r  suggest ing more p rec i se  gss-surface i n t e r a c t i o n  

w d e l s .  Leberatory experiments on gas-surface i n t e r a c t i o n  which measure 

fo rces  and torques a r e  p a r t i c u l a r l y  s u i t a b l e  i n  ueing thf; genera l i zed  Bodel 

t o  i n t e r p r e t  the  r e s u l t s .  

The s tudy of  f e a s i b i l i t y  of  the  s a t e l l i t e  experinrents proposed in 

t h i s  s tudy has  been supported by the  National  Aeronautics  and Space Adsrimis- 

t r a t i o n  a t  the  George H s r s h a l l  Space F l i g h t  Center .  The aerodynamic pro- 

p e r t i e s  o f  near-earth s a t e l l i t e s  a r e  o f  major importance i n  determining both 
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tk lif.tlw of a u t e l l i t e  and the w t i o s  of the ~ t e l l i t e  about its center 

f Of *us sin- i m  phnnlnll i n  the f u m e  to orbi t  s a t e l l i t e s  of larger 

a. (mu4 a* maned apace st.tiona) and sa t e l l i t e s  requiring weater  ortea- $I 
mth mMi1ib eb.n utellft .ea of the paat, there is an urgent need for 

1 

1 El b l . d g e  of the c h r a c t e r  of the gas-nufice interaction and the 
pp. 345-U19. 

W e i t b n  of the aho.phere in  order t o  properly and economically design 

I! t o t w e  *tellice#. For this reason. WSA is conaidering an extensive 
Beletskii, mrov,  and ?iioievSlup, "On D e t c a d O B t ~  of A- - 

"CI 1 . 6 o ~ t b n  on the g. . -~f .ce  interaction and the orbi ta l  enviroament by 6 

C of u t e l l i t e  apa-ma. Thc techniques of analysis developed and Senma ,  I,. H., "Free BJolecule F l w  ThwrJ Ild IL. APpl - th  re & 

rial- obtained -8 study have di rect  application to ths design of 
Detemiwtion of brodynmmic Porcem." Iackhe4d 1I i##ihs  d 

l! 
Space Company. Report USC-448514, 0cwber (1961). 

mtellite erDer*am and the interpretation of result8 of these experbents,  i b r l b u t  and ~herman,.'f~pplicatioo of the lbfilh wall R+?flu?t* -1 
to Pree-bleculd Kinetic Theory." The Phvmiea Of P1uid.n v01- 11. u " -I1 * in-~reta t ion of existing ecrtellite &ta, with the objective No. 3, (1968) pp. 486-496. 

@ obtain i n f m r t h  on the gas-aurfiee interaction and the a m s p h a i c  

li -ition. 

II 
Yj 

fi 
D 



Uyors. Jr.. J. I.. 'Wpthkat ion of a Gyroscopic Sa t e l l i t e  General- 
h l a t i v i t y  &perinant." Ual.d)onnell Douglas Carp., Douglas Paper 
10086. (1969) (presented t o  Sg.posim on Astrodyoamics and 
Related P l a ~ t u y  Sciences. April. 1969. Washiogton, D.C.) . 

Wci l l a .  Silvio. "The Surface Be-Emission Law in Free Uolecukr 
Pla." Ure f i ed  Gas Dlrruica, Tbird Snamsium. Vol. 1 (1963). 
pp. 327-346. 

Sclmmberg. R. "A Iiew Amlytic. Representation of Surface Interaction 
d t h  B y w t h e m l  R e e  Uolecule Plow with Application to  Neutral- 
Par t ic le  Drag Estirstea of Satelli tes," RAND Research Uemoraadum, 
m-Zre. (1959). 

a,. Uag-prlc a d  ~ainn, ,  "Upper-A 
&-.of C a m #  Rockets. 
( I W  . pp . 102'34033- 

16. lbvlbut and Beck. lh ivera i ty  of California, Eng. Rog. Report 
EE-150-166. (1959). 

11. m a n .  Wa-o. and P i l l i o g ,  "Scattering of Uoooeaergetic Argon 
from B u t e d  Platintrm: Planer Time-of-Flight Ueas~rements ,~  
Thc P b r . 1 ~ ~  a f  Fluids, Vol. 12, No. 5, (1969), pp. 987-993. 

18. b r i n g  and Empiwin, h n t u m  Transfer to  Solid Surfaces by N2 
'ioleccies i n  the Energy p o g e  7-200 ev." b r e f i e d  Gas 
0 .Mics .  'S-slum. Vol. 11. (1969), pp. 1303-1310. 

13. Decker. Introduction to Theoretical Uecbanics, UcGraw-Bill. (1954). 

20. S3 Smce lo=, published quarterly by the TgR Systems Group, 
Relaado Beach. California. 

21 Schlichting, Boundarp Lawr Theorp. 4th ed. UcGraw-Bill (1960) 
pp. 267-268. 

22. Abrammvitz and Stegun. Eandbook of Mutheantical Functioos, Dover 
P.blications (1965). 

23. b o k .  G. E., "Drag Coefficients of Spherical Sate l l i tes ,"  R o p l  
Aircraft  Ibublishment Technical Report No. 65218, Ministry 
of Aviation, Parobrough Eants, (1965). 

24. Honlton. F. R.. Celes t ia l  Uechanics. 2116 ed.. UadNllan Co., (1914). 

25. h b y .  J. 11. A.. Puodmentals of Celestt.l.Uechanics, Uablll l ian Co., 
(1962). 

26. Sterne, T. E., Ao Introduction to  Celestial  Uechanics, Interscience 
Pob. (1960). i l 

" Mcl(eown, D,, "Surface ~ r o s i ~ n  i n  ~ ~ n c e , "  mbd 'a. K ~ ~ d c m ,  % 
S w a i u m ,  Vol, I.. (1963). pp. 315-324:' , . 

I l o  el, 
Youogblood and Waltag, -h# 1 

I Am. Uet. Socie+-J. Boston, 1968. I 
Reiter and Me,  " ~ A e c e  Particle-Interacticllp dusur-nt U a i ~  huh- 1 

w h e t  satell t t& " Ra~ef ied  Gas - ., e& s l VOI. a. 1 I Y (1969). pp. @1555, (Roject  E b  d iSCUszA%.  I%?- 
1549). 

27. s e a a n  sod Neice. "Drag Coefficients for  Tu~bl iog Sate l l i tes  ," Journal 
of Spacecraft, Vol. 4, No. 9, (1967: 

i I P I l l  4 



-14 L y  u born om Jltw 28.1942. in Cibaca CiW. 

Z l I M a .  % .surd & 1LL-sity of I l b U  ir. 1960 r k r c  he received 

a LLneLl h t r -  d *Air l d d m  Scbk- in 1964. Be re- 

m i d  rb. )r&L.lor d ki..D. - ir. ~~1 M d  &troIMurial 

-io# 10 1964 E r a  & lunrmicr of X l U . o i s  at Q c b . ~ .  Be ws c k n  

a ~ t d .  *Id baa .i.o r#. I-Lc -cb. u s i s - n t  in the 

W L . . C . I  &i.au Irbcmtmsy a c  & O l d u c s i ~  of 1llI.ois. In 1966. 

b. r a m i d  tL. mrt.r OL degree in lvrouriul aud A a t r o ~ u t l u l  

-L( t.m Jn I*iwrd~y o f  X l l L o i s .  I. & .pr* omester of 

1- L. r r  r te8cLL.l a a h m u  Eer & Aemmm-1 awl L t r o n n u c i a l  

tst .wr i . r  D l p r ~ a c .  

O ~ U  I. t.rr L. OD--- o f .  a r i c i i d  -&rody-ic 

*+u on. sp1.I1h# -1 WLcllite d c L  AppUattoa co neasuraent 

e l  * . d g i m  rlaCficLru." wb&b uu @lW in An-utia ku. 

vet. 14, pp. Ul-UZ. 1 w .  

*aU I. llm L. . -Lrr o f  s l p  C m u ,  an * * ~ i a r c  

.Ik. o t  S i w  Xi .  n d  a r c d n c  .rLa of & Law Institute of &ro- 



DATE 




